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Abstract 
DNA unwinding is a central, but poorly understood process that facilitates the establishment of 
bi-directional replication. Sustained DNA unwinding is carried out by the replicative helicase. 
Most helicases require some single-stranded or untwisted DNA in order to function, and it is 
this initial DNA unwinding that this study aimed to characterise. There are two possible 
timepoints when DNA unwinding could occur: during loading of the helicase onto DNA or 
during the activation of that helicase, as the replisome forms. During this project each possible 
timepoint for initial unwinding was investigated in chronological order in vitro and S phase 
was scanned for the appearance of DNA unwinding in vivo. Techniques for in vitro DNaseI, 
nuclease P1 and potassium permanganate footprinting using supercoiled plasmid DNA were 
established within the first part of this project. These were implemented to reveal that no DNA 
unwinding occurs during helicase loading, but on completion of loading origin DNA is 
distorted. The latter part of this study comprised two methods for investigating DNA 
unwinding during helicase activation. The first method employed an in vitro approach to 
reconstitute the process of helicase activation during replisome formation. Here, purified 
proteins were used to supplement S phase yeast extracts. These mixtures were incubated with 
helicase pre-loaded onto origin DNA and the resulting complexes analysed using Western 
blotting.  A novel in vivo footprinting approach, designed to access potentially unstable 
unwound DNA within the yeast nucleus was also executed. A single-stranded DNA-specific 
nuclease was expressed within yeast to target unwound DNA. DNA was extracted throughout 
S phase and analysed by primer extension. This study highlighted many of the obstacles 
associated with characterising DNA unwinding. Nevertheless, it reports the development of in 
vitro and in vivo assays for DNA unwinding. In addition, several new reagents were produced 
that will benefit future studies.   
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1 Chapter 1 – Introduction 
The survival of all organisms requires accurate replication of the entire genome with each cell 
division. Logically, errors in DNA replication are linked with a wide range of pathologies, 
encompassing birth defects, genetic abnormalities and cancers. Indeed, at least thirty eight 
diseases are caused by aberrant DNA replication and a further forty by mutations in genes 
required for DNA replication or repair (DePamphilis, 2006).  
The primary regulation of DNA replication occurs during its initiation and many of the 
proteins involved have long-standing links with both cancer diagnosis and treatments. Some 
DNA replication proteins are up-regulated in cancer cells, whilst others have oncogenic 
properties (Arentson et al., 2002; Borlado and Mendez, 2008; Seo et al., 2005). As 
understanding of the roles of the proteins required for initiation of DNA replication grows, new 
targets for chemotherapeutic agents are emerging. The major advantage of a detailed dissection 
of the events of replication initiation will be the potential to develop drugs that produce fewer 
unwanted effects in healthy cells. Indeed, a recent study (Zhu and DePamphilis, 2009) 
demonstrated that cancer cells were unable to cope with the depletion of geminin, a key 
regulator of human replication initiation, and underwent apoptosis, whereas normal cells were 
unaffected. As the field progresses, it is to be expected that cases such as this will continue to 
surface.  
The intricacies of the replication process and the proteins involved vary between different 
organisms. However, there are several central concepts that hold true regardless of the model 
system analysed.  In essence, origins are identified by initiator proteins that recruit the proteins 
required for replisome formation. Many of these initiator proteins are conserved across the 
three domains of life, if not at the sequence level then at the structural level (reviewed in 
Giraldo, 2003). This means that simpler model systems, such as bacteria, yeast and archaea 
provide critical information required to understand the control of replication in higher 
eukaryotes. For example, studies in the budding yeast Saccharomyces cerevisiae (hereafter 
referred to as budding yeast) identified two proteins that are critical for initiation of DNA 
replication: synthetically lethal with Dpb11 (Sld) 2 and 3. This paved the way for discovery of 
their human homologues RecQL4 (Im et al., 2009; Sangrithi et al., 2005; Xu et al., 2009) and 
Treslin/Ticrr (Boos et al., 2011; Kumagai et al., 2010, 2011; Sanchez-Pulido et al., 2010), 
which have been shown to be equally important for human DNA replication. 
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The initiation of eukaryotic DNA replication is a two step process. The first step is formation 
of a pre-replication complex (pre-RC) at the origin during late M/early G1 phase of the cell 
cycle (Bell and Stillman, 1992; Diffley et al., 1994). The pre-RC loads an inactive form of the 
(mini chromosome maintenance 2-7) (MCM2-7) replicative helicase on to the DNA. Once the 
helicase is loaded the origin is said to be licensed, meaning that it is competent for replication 
(Chong et al., 1995; Mendez and Stillman, 2003). During S phase origins are activated and, in 
budding yeast, each origin fires according to a predefined programme (Raghuraman et al., 
2001; reviewed in Sclafani and Holzen, 2007). Origin firing converts the pre-RC to a 
pre-initiation complex (pre-IC) (Zou and Stillman, 1998, 2000). At the same time assembly of 
further pre-RCs is inhibited by several mechanisms (Nguyen et al., 2001). The pre-IC serves to 
activate the helicase and allows formation of the replisome. The formation of these two distinct 
complexes allows for the temporal separation of helicase loading and activation and ensures 
that each origin can only fire once per cell cycle (Green et al., 2006). Given that the 
experiments described in this thesis were carried out in budding yeast, events detailed in this 
section will be those that occur in yeast, although other systems will be referred to where 
relevant.    
1.1 Replication origins  
Replication origins are the positions within the genome that support initiation of bidirectional 
replication. The number of origins increases with organism complexity. The stretch of DNA 
amplified from a single origin is termed a replicon, during termination of replication the 
replicons are fused to produce an intact duplicated genome (Sclafani and Holzen, 2007). 
Origins have high adenine (A) and thymine (T) content and contain at least one functionally 
indispensable AT-rich stretch with inherent helical instability, referred to as a DNA unwinding 
element (DUE) (Kowalski and Eddy, 1989). Origins also contain recognition sites for initiator 
proteins (proteins that select origins as sites for initiation of replication). Most biochemical 
data about eukaryotic origins comes from budding yeast. Budding yeast is unique amongst 
eukaryotes in that it has highly conserved genetically defined elements that specify segments of 
the genome as origins and the origins fire reproducibly each cell cycle (Raghuraman et al., 
2001). This is not so in other eukaryotes, where origin specification is not sequence specific 
and firing patterns are drastically different (reviewed in DePamphilis and Bell, 2011c) 
1.1.1 Budding yeast replication origins  
Budding yeast origin sequences are termed autonomously replicating sequences (ARS) and 
were initially discovered as DNA sequences that when inserted into a plasmid allow that 
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plasmid to replicate in budding yeast (Stinchcomb et al., 1979). The majority of these 
sequences were shown to be bona fide origins of replication at their natural loci (reviewed in 
Fangman and Brewer, 1991). Budding yeast have somewhere between two hundred and fifty 
and three hundred and fifty origins, approximately uniformly distributed across the yeast 
genome, resulting in replicons of between thirty five and forty nine kilobases (Feng et al., 
2006; Nieduszynski et al., 2006; Raghuraman et al., 2001; Wyrick et al., 2001; Yabuki et al., 
2002). The efficiency of the origins varies, with some ‘early’ origins firing at the start of S 
phase and ‘late’ origins firing towards the end of S phase, although most have a peak of 
activity in mid S phase (Raghuraman et al., 2001). Origins are generally located in intergenic 
regions that are devoid of nucleosomes, suggesting that the local chromatin architecture plays a 
role in determining origin location and usage (Sclafani and Holzen, 2007).  
An ARS consists of an AT-rich stretch of DNA of roughly one hundred and fifty bases. It has 
at least two distinct elements; an essential A element and two or more important B elements, 
located 3′ to the A element on the T-rich strand (Marahrens and Stillman, 1992, 1994; Rao et 
al., 1994; Theis and Newlon, 1994). The A element contains an essential eleven base pair 
sequence ((A/T)TTTAYRTTT(A/T)) known as the ARS consensus sequence (ACS) 
(Deshpande and Newlon, 1992; Huang and Kowalski, 1993; Rivier and Rine, 1992; Van 
Houten and Newlon, 1990) and is the binding site for the initiator, the six subunit origin 
recognition complex (ORC) (Bell and Stillman, 1992). 
The B element(s) vary in number, type and position between origins. Individually, the B 
elements are important and increase origin efficiency, but collectively they are essential 
(Marahrens and Stillman, 1992, 1994; Rao et al., 1994; Theis and Newlon, 1994). B elements 
do not contain conserved sequences, although some contain close matches to the ACS (Bouton 
and Smith, 1986; Celniker et al., 1984; Huang and Kowalski, 1993; Kearsey, 1984; Marahrens 
and Stillman, 1992; Palzkill and Newlon, 1988; Theis and Newlon, 1994; Walker et al., 1991). 
The B1 element aids origin recognition by ORC (Rowley et al., 1995) and contains a single 
essential nucleotide (adenine 839) that when mutated decreases origin activity through 
diminished ORC (Rao and Stillman, 1995) binding. The B2 element contains the DUE. At 
some origins replication proteins interact with B2, for example the ARS1 B2 element contains 
a 9/11 ACS match, which in the absence of a functional A element is bound by ORC (Bell and 
Stillman, 1992).  The B3 element is a binding site for the transcription factor Abf1 (reviewed 
in DePamphilis, 2006).  
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1.2 Pre-replication complex formation in budding yeast 
The pre-RC forms in late mitosis/early G1. Its formation prepares origins for activation in S 
phase, by loading the MCM2-7 helicase at origins. At this point the MCM2-7 helicase is 
inactive and requires accessory factors present in S phase for activation. Pre-RC formation 
requires co-ordinated and ordered binding of four components, namely ORC, cell division 
cycle protein 6 (Cdc6), Cdc10-dependent transcription factor 1 (Cdt1) and MCM2-7. Assembly 
of the pre-RC is an adenosine triphosphate (ATP)-dependent reaction. The ATP binding 
activities of Orc1, Cdc6 and MCM2-7 are essential (reviewed in Bell and Dutta, 2002) and all 
of the components, with the exception of Orc6 and Cdt1, are members of the AAA+ ATPase 
family (Neuwald et al., 1999; Speck et al., 2005). In all eukaryotes multiple rounds of 
MCM2-7 loading occur at each origin in a phenomenon termed the MCM paradox (Hyrien et 
al., 2003; Laskey and Madine, 2003). In budding yeast this reiterative loading is reliant on 
ATP hydrolysis by Orc1 (Bowers et al., 2004). The exact purpose of multiple loading is 
uncertain (reviewed in DePamphilis and Bell, 2011c), but in human cells excess MCM2-7 is 
important for the activation of dormant origins under conditions of replicative stress (Ge et al., 
2007; Ibarra et al., 2008) and checkpoint activation (Cortez et al., 2004). 
1.2.1 ORC 
ORC is a six subunit complex consisting of Orc1-6 and is bound to origins throughout the cell 
cycle. In late mitosis/early G1 the pre-RC forms around ORC at origins. ORC has a high 
affinity for DNA and does not require any accessory proteins for binding (Rowley et al., 1995). 
However, other factors such as nucleotide occupancy (Klemm et al., 1997) and Cdc6 serve to 
bias ORC binding to origins (Speck and Stillman, 2007). The action of these factors ensures 
that in vivo origin recognition by ORC is very efficient, with an occupancy of about one ORC 
per origin (Rowley et al., 1995), which remains bound throughout the entire cell cycle (Bell 
and Stillman, 1992; Diffley and Cocker, 1992; Diffley et al., 1994). ORC is responsible for 
mediating the essential function of the ACS and binds across the A and B1 elements covering 
about fifty base pairs both in vitro and in vivo (Bell and Stillman, 1992; Diffley and Cocker, 
1992; Rao and Stillman, 1995; Rowley et al., 1995; Santocanale and Diffley, 1996). ORC does 
not interact with both strands equally and, at some origins, bends the DNA (Lee and Bell, 
1997) and places it under torsional strain (Rowley et al., 1995). These characteristics give ORC 
the potential to remodel DNA both prior to and during MCM2-7 helicase loading.  
The ATP binding and hydrolysis activities of ORC are critical for the control of MCM2-7 
loading and play distinct roles in this process. ATP binding by Orc1 is required for origin 
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specific binding. Origin DNA inhibits ATP hydrolysis within Orc1 in a sequence specific 
manner, wild-type origins exhibit inhibition up to ten times stronger than mutant origins 
(Klemm et al., 1997). In the absence of Orc1 ATP hydrolysis one round of MCM loading can 
be achieved, but hydrolysis must occur for reiterative loading. ATP hydrolysis in Orc1 requires 
the essential arginine finger of Orc4 (Bowers et al., 2004). These separate essential 
requirements for ATP binding and hydrolysis ensure that each round of MCM2-7 loading must 
achieve completion before another can be undertaken. ATP hydrolysis by ORC releases 
MCM2-7 from the other pre-RC proteins and may also reset the conformation of ORC paving 
the way for the next loading event (Randell et al., 2006).  
Orc6 is unique amongst the other ORC subunits, not only is it not a AAA+ family member 
(reviewed in Duderstadt and Berger, 2008; Erzberger and Berger, 2006), but it is not required 
for ORC to bind to DNA (Lee and Bell, 1997) or interact with Cdc6 (Chen et al., 2007). 
Nevertheless, due to its interaction with Cdt1, it is absolutely required for pre-RC formation 
and maintenance. An Orc1-5/Cdt1 fusion protein can bypass the need for Orc6, but it can only 
achieve one round of MCM2-7 loading, suggesting that Orc6 is critical for controlling 
Cdt1∙MCM2-7 association with ORC (Chen et al., 2007).  
The final intriguing feature of ORC is that it has a DNA length-dependent affinity for single 
stranded DNA (ssDNA), with a Kd within three fold of that of replication protein A (RPA), the 
eukaryotic ssDNA binding protein. ssDNA tracts of less than thirty bases are not recognised by 
ORC, with about eighty bases being the preferred length. This ssDNA binding activity is 
neither ATP nor sequence dependent and inhibits ORC binding to double stranded DNA 
(dsDNA). Contrary to dsDNA binding, ssDNA binding stimulates ORC ATP hydrolysis and 
evokes a conformational change in ORC (Lee et al., 2000). The function of this interaction 
remains undetermined. However, it may be that ORC has a role in stabilising unwound DNA in 
conjunction with RPA or simply that this ability allows ORC to remain associated with 
replication origins as they unwind. 
1.2.2 Cdc6 
Cdc6 is a paralogue of Orc1 (Bell et al., 1995; Iyer et al., 2004), synthesised in late mitosis 
(McInerny et al., 1997; Piatti et al., 1995) that functions as an ORC and origin DNA-dependent 
ATPase in the loading of MCM2-7.  
Cdc6 initially acts to limit ORC promiscuity; on binding ORC at a non-origin sequence Cdc6 
hydrolyses ATP and dissociates from ORC (Speck and Stillman, 2007). In addition, Cdc6 
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preferentially binds ORC complexes containing an ATP-bound Orc1, which by definition are 
at origins, as non-origin DNA causes ATP hydrolysis in Orc1 (Klemm and Bell, 2001), further 
ensuring that pre-RC formation is limited to origin DNA.  
Binding of ATP by Cdc6 is essential for MCM2-7 association with origin DNA, but ATP 
hydrolysis by Cdc6 is required for MCM2-7 loading. Cdc6 ATP hydrolysis precedes that of 
ORC, as blockage of Cdc6 ATPase activity prevents MCM2-7 loading, unlike the situation 
with ORC (Perkins and Diffley, 1998; Randell et al., 2006; Weinreich et al., 1999). ATP 
hydrolysis by Cdc6 confers a conformational change on Orc1, 2 and 6 (Mizushima et al., 2000) 
and in turn releases Cdc6 from the origin (Bowers et al., 2004; Randell et al., 2006; Speck and 
Stillman, 2007). This strict sequential activation of Cdc6 and ORC ATPase activities seeks to 
ensure MCM2-7 recruitment to origins only occurs in the context of the pre-RC. Sequential 
hydrolysis enforces spatial (only at origins) and temporal (only in late mitosis/G1, when Cdc6 
is present) restriction of MCM2-7 loading, with each loading reaction completed before the 
instigation of the next.   
1.2.3 Cdt1 
Cdt1 is essential for MCM2-7 loading and was first discovered in the fission yeast 
Schizosaccharomyces pombe (hereafter referred to as fission yeast) as a protein that induces 
re-replication when overexpressed with Cdc6 (Nishitani et al., 2000). It was later discovered in 
budding yeast, where it escorts MCM2-7 into the nucleus and subsequently co-ordinates with 
ORC and Cdc6 in helicase loading (Tanaka and Diffley, 2002) through direct interaction with 
Orc6 (Chen et al., 2007). Although Cdt1 and MCM2-7 accumulate simultaneously in 
equimolar amounts at origins, only MCM2-7 is stably associated. Cdc6 ATP hydrolysis 
releases Cdt1 from origins (Randell et al., 2006; Tanaka and Diffley, 2002), ensuring that 
control of MCM2-7 loading remains with ORC∙Cdc6. The role of Cdt1 in pre-RC formation 
beyond delivery of MCM2-7 into the nucleus and to ORC∙Cdc6 containing origins remains 
unclear. It may act as a wrench preventing closure of the MCM2-7 ring, facilitating its 
encirclement of DNA or its role may be limited to chaperoning MCM2-7.   
1.2.4 MCM2-7 
MCM2-7 functions as the replicative helicase. It is composed of six essential subunits, all of 
which are members of the AAA+ family of ATPases. Their central regions are highly 
conserved, whilst the N- and C-termini are more diverse (reviewed in Sivaprasad and Dutta, 
2006). MCM2-7 is heterohexameric, with each subunit represented once per hexamer in a 
regimented order. Only properly formed MCM2-7 hexamers can enter the nucleus. Nuclear 
Chapter 1 - Introduction 
24 
 
import occurs at the end of mitosis and MCM2-7 remains nuclear throughout G1, gradually 
being released throughout S phase (Labib et al., 1999; Nguyen et al., 2000). MCM2-7 lacks 
intrinsic affinity for DNA and can only associate with origin DNA in an 
ORC/Cdc6/Cdt1-dependent manner (Mendez and Stillman, 2003).  
The subunit organisation of MCM2-7 is vital for its function. Understanding regulation of 
MCM2-7 activity requires a brief explanation of the architecture of AAA+ family active sites. 
Some AAA+ family proteins form an active ATPase site at clefts between two sub-domains. 
One sub-domain contains a series of loops connecting adjacent parallel β strands, termed a P 
loop. The second sub-domain is located to the C-terminal to the P loop and is called the lid. 
Both sub-domains contain conserved active site motifs. The P loop comprises motifs required 
for ATP binding (Walker A box) and for orientating the nucleophilic water molecule necessary 
for ATP hydrolysis (Walker B and sensor 1). The lid domain contains motifs that contact the 
γ-phosphate of ATP (arginine finger and sensor 2). MCM2-7 is unusual in that the two 
sub-domains are not located in one subunit, but rather each sub-domain is provided by an 
adjacent subunit (reviewed in Bochman and Schwacha, 2009; Enemark and Joshua-Tor, 2008; 
Figure 1.1).  
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Figure 1.1: Subunit organisation and architecture of ATPase active sites 
Structural and schematic representation of the architecture of ATPase active sites between 
MCM2-7 subunits. (A) The crystal structure of the inter-subunit interface derived from the 
overlaid crystal structures of two archaeal Mcm. In one subunit the P loop domain is in red and 
the lid domain in orange, whereas in the adjacent subunit the P loop domain is in blue, with the 
lid domain in cyan. The arginine finger is highlighted in green. The ATP molecule at the 
interface between subunits is shown. (B) Schematic representation demonstrating the ATPase 
active site architecture revealed by the crystal structure. The ATPase active site at the interface 
between the orange and blue subunit is made up of residues mostly belonging to the blue 
subunit, including Walker A (A), Walker B (B) and sensor I, whereas the sensor II domain (II), 
including the arginine finger (R) is contributed by lid domain of the neighbouring subunit 
(orange). Subunit order is indicated by labelling with the appropriate subunit number (adapted 
from Costa and Onesti, 2009).   
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Given the information above, all MCM subunit pairs have the potential for ATPase activity, 
with one subunit binding ATP and the other contributing the arginine finger needed for 
hydrolysis. However, only three pairs (Mcm3/7, Mcm4/7 and Mcm2/6) exhibit this activity in 
vitro (Davey et al., 2003). Splitting the active site across two subunits may provide a means for 
subunits to communicate. For example, ATP binding in one subunit may generate an allosteric 
change in a neighbouring subunit. Examination of subunit pairs has led to the following model 
for subunit organisation: Mcm5-3-7-4-6-2 (Figure 1.1 B), with the interaction between Mcm2 
and 5 being extremely labile and only inferred due to the known torodial structure of MCM2-7 
(Bochman et al., 2008; Davey et al., 2003).  
The lack of a direct interaction between Mcm2 and 5 has led to the hypothesis that these two 
subunits form a ‘gate’ in vivo that holds the ring slightly open to enable it to be slipped around 
DNA. This idea has been given credence based on information gathered from Drosophila 
melanogaster (Crevel et al., 2001) and Homo sapiens (Yu et al., 2004) that demonstrates a 
physical discontinuity between Mcm2 and 5 in both species. Requirement for a gate can be 
further inferred when it is considered that Mcm4/6/7 sub-complexes (which also form rings) 
cannot spontaneously encircle ssDNA whereas MCM2-7 can. In addition, the absence of 
Mcm2 and 5 from the 4/6/7 sub-complex maintains their candidacy as gate proteins. It has 
been postulated that the closure of the gate is necessary for activation of the MCM2-7 helicase 
and is ATP-dependent (Bochman et al., 2008).  
Regulation of MCM2-7 loading by other pre-RC proteins, subunit arrangement and ATPase 
activities have been extensively dissected, but until recently very little was known about the 
architecture of the loaded MCM2-7. In vitro reconstitution of pre-RC formation has allowed 
new insights into MCM2-7 loading. MCM2-7 is loaded co-operatively on to origin DNA by 
ORC, Cdc6 and Cdt1, and results in the stable association of MCM2-7 double hexamers with 
DNA. The double hexamers are constructed from two single hexamers joined by their 
N-termini (head to head) by multiple thin protein bridges. In the presence of high salt, these 
double hexamers can slide along DNA in an ATP-independent manner and dsDNA passes 
through the central channel (Evrin et al., 2009; Remus et al., 2009). It remains to be 
determined whether the double hexamer is the active replicative helicase or whether it is just a 
convenient way to ensure that bidirectional replication can extend from any locus containing 
loaded MCM2-7. There is evidence for hexamer splitting on helicase activation, as the 
multi-protein complex purified from paused forks in budding yeast contained a single 
MCM2-7 hexamer (Gambus et al., 2006). However, in archaea a double hexameric Mcm has 
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helicase activity (Chong et al., 2000). Moreover, whatever the active helicase unit, a consensus 
on the mechanism of unwinding employed by the helicase in the context of the replisome is 
absent. However, several models have been proposed and are discussed in Section 1.2.5.   
1.2.5 Mechanisms of MCM2-7 helicase action 
Several schools of thought exist regarding the mechanism of MCM2-7 helicase activity. Most 
take into account the likelihood that the MCM2-7 helicase is maximally active when in 
complex with Cdc45 and the go ichi ni san complex (GINS [5, 1, 2, 3 in Japanese]). This 
helicase unit is referred to as the Cdc45-GINS-MCM2-7 complex (CMG) (Moyer et al., 2006). 
Some options would be easier than others to realise in vivo, depending on the DNA substrate 
and whether they predict the active MCM2-7 helicase to consist of a double or single hexamer. 
At present three main models of helicase activity have emerged and are referred to as ‘twin 
pump’, ‘steric exclusion’ and ‘ploughshare’. Importantly, none of these models are invalidated 
by the finding that MCM2-7 is loaded on to dsDNA (Evrin et al., 2009; Remus et al., 2009) 
and between these models the possibility of either a functional single or double hexameric 
helicase is covered. However, there is contradictory evidence for and against each model and a 
clear answer remains elusive. 
The ‘twin pump’ model 
The ‘twin pump’ model (Figure 1.2 A) would allow for the functional helicase unit to be the 
double hexamer. dsDNA would be pumped towards the interface between the two hexamers, 
where ssDNA would be forced out. This model would not require any melting (DNA 
unwinding not carried out by helicase; see Section 1.6), but exactly how the ssDNA could be 
excluded at the hexamer interface is uncertain (Takara and Bell, 2009). Double hexameric 
helicases that pump dsDNA towards the hexamer interface have been observed in viral 
systems, such as Simian Virus 40 (SV40) (for reviews see Duderstadt and Berger, 2008; 
Fanning and Knippers, 1992).  
The ‘ploughshare’ model 
The ‘ploughshare’ model (Takahashi et al., 2005) (Figure 1.2 B) envisages the MCM2-7 
helicase acting on dsDNA and forcing it towards a protein ‘pin’ or ‘plough’ that separates the 
DNA strands after they exit the hexamer. DNA melting and initial unwinding would be 
required to generate ssDNA for the pin to bind to. The pin could be part of MCM2-7 that is 
rendered accessible by remodelling of the hexamer during activation or it could be a newly 
bound protein. For example, H. sapiens GINS binds to ssDNA (Boskovic et al., 2007) making 
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it an attractive candidate for the pin within the active CMG helicase unit (Remus et al., 2009; 
Takara and Bell, 2009). However, it should be considered that GINS and Cdc45 bind to the 
side of MCM2-7, which could make it difficult for GINS to perform its role as the pin (Costa et 
al., 2011). Nevertheless, this model too has precedent in other experimental organisms and 
similar mechanism is used by several prokaryotic helicases (reviewed in Takahashi et al., 
2005). 
The ‘steric exclusion’ model 
The ‘steric exclusion’ model (Figure 1.2 C) would require melting, opening of the MCM2-7 
ring and expulsion of one strand from each hexamer during helicase activation. The MCM2-7 
single hexamer has a footprint of approximately thirty four bases (Remus et al., 2009), which 
would necessitate considerable melting and/or initial unwinding (unwinding carried out by 
helicase during activation; see Section 1.6) in order to create enough ssDNA to loop out of the 
MCM2-7 ring. This model would require extensive remodelling of MCM2-7. For example, one 
strand of DNA would need to be ejected from the central channel of the helicase (Takara and 
Bell, 2009). However, unwinding by this mechanism has been observed for the 4/6/7 
sub-complex, although this complex can also slide on dsDNA (Kaplan et al., 2003). In 
addition, unwinding by this mechanism occurs in other experimental organisms. The 
Escherichia coli  helicase DnaB (reviewed in Baker and Wickner, 1992) and the 
Papillomavirus E1 helicase (reviewed in Duderstadt and Berger, 2008; section 1.7.3) unwind 
DNA in this manner, although it should be noted that DnaB is loaded directly on to ssDNA. 
However, two recent papers lend weight to the steric exclusion model. The electron 
microscopic structure of D. melanogaster CMG has revealed how the CMG may function 
during DNA unwinding. Costa and colleagues showed that Mcm2-7 in isolation forms 
hexameric rings, with a gate between Mcm2 and 5 that can open and close spontaneously. 
GINS and Cdc45 bind across this opening and seal it, with Cdc45 providing a bridge between 
MCM2-7 and GINS. The binding of GINS-Cdc45 generates a large, bi-lobed channel through 
the CMG complex. However, upon nucleotide binding, the CMG complex undergoes a 
conformational change, closing the Mcm2-5 gate, tightening the Mcm2-7 ring and enlarging 
the contact area of GINS to include the AAA+ domains of Mcm3 and Mcm5. This change 
constricts the large central pore generating a second channel on the outer perimeter of the 
MCM2-7 ring. Critically, this second ring would provide the required exit for ssDNA dictated 
by the steric exclusion model and when considered along with the positioning of GINS-Cdc45 
to one side of the MCM2-7 hexamer, the ploughshare model for DNA unwinding looks less 
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likely (Costa et al., 2011). Moreover, an archaeal MCM has been shown to unwind DNA by 
steric exclusion and the excluded strand is wrapped round the outside of the hexamer following 
a defined path, which in turn stabilises the helicase in an ‘on’ conformation (Graham et al., 
2011). However, it should be noted that budding yeast MCM2-7 is a closed ring in solution and 
no gate opening is visible within the double hexamer loaded on DNA (Evrin et al., 2009; 
Remus et al., 2009). It will be interesting to see how these observations combine when the 
mechanism of eukaryotic DNA unwinding is revealed. 
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Figure 1.2: Three models for MCM2-7 helicase action. 
Three models of the mechanism of action of the MCM2-7 helicase within the CMG. MCM2-7 
is coloured orange, GINS is yellow and Cdc45 is green. The two strands of the duplex are 
coloured red and blue. (A) The twin pump model requires the MCM2-7 double hexamer to be 
maintained at the fork and the DNA is pumped towards the hexamer interface expelling loops 
of single stranded DNA in the process. (B) The ploughshare model also requires the active 
CMG, which uses a ‘pin’ to force open the duplex ahead of it. GINS has been suggested as a 
candidate for the pin. (C)  The steric exclusion model envisages single hexamers acting within 
the CMG at forks. Here CMG-mediated remodelling of MCM2-7 would result in the exclusion 
of one strand of DNA from the complex ahead of the fork (adapted from Takara and Bell, 
2009).  
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1.2.6 Regulation of pre-RC formation 
The pre-RC is the main target for regulatory systems that exist to ensure replication is carried 
out only once per cell cycle. It represents the first step in replication and therefore inhibition at 
this stage, rather than an intermediate stage, offers the best protection of genomic stability.  
The pre-RC can only form in late mitosis/early G1 when S phase cyclin dependent kinase 
(S-CDK) activity is low and anaphase promoting complex (APC) activity is high. CDKs are 
dimers consisting of a catalytic subunit that is activated upon binding to a cyclin subunit that 
confers substrate specificity on the catalytic subunit. Budding yeast has nine cyclins: Clb1-6 
and Cln1-3 and a single catalytic subunit: Cdc28. S-CDK described here consists of the cyclin 
Clb5 in complex with Cdc28. Clb5 contains a hydrophobic patch that recognises a degenerate 
amino acid sequence called the RXL motif on CDK targets, such as ORC.  The level of 
different cyclins oscillates throughout the cell cycle (Figure 1.3) and S phase and mitotic 
cyclins do not support pre-RC formation. Cyclin availability in each cell cycle phase is keenly 
controlled by the cell. The exit from mitosis, which brings permissive conditions for pre-RC 
assembly, is marked by destruction of mitotic CDK (M-CDK) (Clb2-Cdc28). Clb2 is targeted 
for degradation by the APC, an E3 ubiquitin ligase. M-CDK phosphorylates the APC, 
activating it. In turn the APC ubiquitinylates M-CDK marking Clb2 for proteolytic 
degradation. In G1 phase APC activity also stabilises the M-CDK and S phase CDK (S-CDK) 
inhibitor Sic1. As G1 begins, growth signals activate the expression of G1 cyclins 
(Cln1/Cln2/Cln3) and the formation of G1-CDK (Cln1/Cln2/Cln3-Cdc28) (reviewed in Arias 
and Walter, 2007; Li and Jin, 2010). Sic1 is marked for proteosomal degradation following 
phosphorylation by G1-CDK in preparation for S phase entry (Verma et al., 1997). In addition, 
G1-CDK are not APC substrates, instead they phosphorylate the APC, thereby inactivating it. 
This marks the return to cellular conditions inhibitory to pre-RC formation (reviewed in Arias 
and Walter, 2007; Li and Jin, 2010). In addition to the global regulation of pre-RC formation, 
individual pre-RC proteins are also subject to specific control.  
All of the pre-RC components are subject to regulation, with some targeted by multiple 
pathways. Regulation varies between eukaryotes, with budding yeast being the single organism 
that relies solely on CDK for prevention of re-replication. All mechanisms described here refer 
to budding yeast, although some are present in other eukaryotes.  
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Figure 1.3: Oscillation of the levels of different cyclins drives the cell cycle. 
The levels of each cyclin oscillate during the cell cycle. The APC plays a large role in 
regulating cyclin levels, it is active in G1 and mitosis (indicated by the black line and orange 
circles).  The G1 cyclins (red line/circles) are critical for S phase entry. They activate the S 
phase cyclins (green line/circles) by phosphorylating the APC (indicated by the red P), thereby 
inactivating it and by triggering the destruction of the S-CDK inhibitor, Sic1 (grey circles). As 
mitosis begins M-CDK (blue line/circles) become active due to removal of inhibitory 
phosphorylations (not shown). M-CDK phosphorylate the APC (indicated by the black P), 
which activates it and in turn triggers their destruction, as the APC ubiquitinylates them 
(indicated by the grey U) targeting them for degradation by the proteosome. The APC targets 
S-CDK for degradation in the same way and stabilises the S-CDK inhibitor Sic1. A new cell 
cycle begins and growth signals trigger the expression of G1 cyclins (adapted from Bardin and 
Amon, 2001; Morgan, 2006)  
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ORC 
ORC is phosphorylated on Orc2 and Orc6 by S-CDK (Nguyen et al., 2001) and following 
origin firing the S phase cyclin Clb5 binds directly to the RXL motif in Orc6. If the interaction 
is prevented then initiation remains unaffected but cells become prone to re-replication 
(Wilmes et al., 2004). S-CDK binding at this site prevents Orc6/Cdt1 interaction and therefore 
MCM2-7 loading, suggesting that this is the primary mechanism regulating existence of a 
loading-competent ORC (Chen and Bell, 2011). 
Cdc6 
S-CDK regulates Cdc6 in three ways. Phospho-Cdc6 is a substrate for the E3 ubiquitin ligase 
SCF
Cdc4
, which targets Cdc6 for proteosome-directed degradation (Drury et al., 1997; Elsasser 
et al., 1999). Secondly, S-CDK phosphorylation of the N-terminus of Cdc6 causes it to bind 
the M-CDK Clb2-Cdc28, which prevents Cdc6 from participating in pre-RC formation 
(Mimura et al., 2004). Finally, S-CDK inhibits Cdc6 transcription by preventing nuclear 
import of the transcription factor Swi5 (Moll et al., 1991).  
MCM2-7 
MCM2-7 is exported from the nucleus in response to S-CDK phosphorylation. Interestingly, 
this occurs in both G1 and S phase. G1-CDK are proposed to act on non-chromatin bound 
MCM2-7, eliminating it in preparation for S phase (Labib et al., 1999). Subsequently, S-CDK 
phosphorylation of MCM2-7 that has completed its replicon and been released from chromatin 
triggers its nuclear export (Labib et al., 1999; Liku et al., 2005; Nguyen et al., 2000).  
1.3 Pre-initiation complex and activation of the MCM2-7 helicase 
At the onset of S phase the pre-RC is transformed to activate the MCM2-7 helicase. This 
transformation is characterised by the transient formation of two complexes before stable 
formation of the replisome. The pre-IC (reviewed in Sclafani and Holzen, 2007; Zou and 
Stillman, 1998) and the pre-loading complex (pre-LC) (Muramatsu et al., 2010) both exist 
briefly before the replisome is assembled. Many proteins involved in this step are relatively 
recent discoveries, and as such the pre-IC and pre-LC are less well characterised than the 
pre-RC, although new information about the proteins involved and regulation of complex 
formation is steadily emerging. Moreover, progress has been complicated by a divergence of 
pathways used for helicase activation amongst species that is not exhibited for pre-RC 
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formation. Nevertheless, the picture of replisome assembly in budding yeast is becoming 
clearer.  
The sequence of events during S phase is summarised here and in Figure 1.4, although some 
proteins are omitted from the figure for simplicity. The role of each individual protein, all of 
which are essential, and their regulation by S-CDK and DDK will be outlined below. 
Recruitment of pre-IC and pre-LC proteins to origins is triggered by activation of S-CDK and 
Dbf4-dependent kinase (DDK) (reviewed in Araki, 2010; also in Labib, 2010; Sheu and 
Stillman, 2006, 2010; Tanaka et al., 2007b; Zegerman and Diffley, 2007; Zou and Stillman, 
2000). DDK is similar to CDK in that it has a catalytic subunit Cdc7 and a regulatory subunit 
Dbf4. The pre-LC consists of Sld2, DNA polymerase B possible subunit 11 (Dpb11), 
polymerase (pol) ε and GINS and is incorporated into the pre-IC (Muramatsu et al., 2010), 
which additionally comprises Sld3, Cdc45, MCM2-7, Mcm10, RPA and pol α. Once the 
pre-LC binds origins, the pre-IC exists only briefly before a subset of pre-IC and pre-LC 
proteins are incorporated into the replisome.  
At early firing origins Sld3 and Cdc45 bind weakly in late G1 (Aparicio et al., 1999; 
Kamimura et al., 2001; Kanemaki and Labib, 2006), perhaps directly interacting with 
MCM2-7. The MCM2-7 helicase remains inactive until cells enter S phase and activate DDK 
and S-CDK. DDK phosphorylates the N-terminal tails of Mcm2, Mcm4 and Mcm6, which 
probably induces a conformational change in MCM2-7 (Francis et al., 2009; Sheu and 
Stillman, 2006, 2010). S-CDK also phosphorylates MCM2-7, but its primary targets are Sld2 
and Sld3 (Tanaka et al., 2007b; Zegerman and Diffley, 2007). Phosphorylated Sld2 binds 
Dpb11 to form the pre-LC along with GINS and pol ε (Muramatsu et al., 2010), whereas 
phosphorylated Sld3 is competent to interact with Dpb11 within the pre-LC targeting it to 
origins. This leads to the stable formation of the CMG helicase, which on activation unwinds 
the origin, creating ssDNA and allowing RPA binding (Ilves et al., 2010). After RPA is bound 
DNA polymerase α primes the leading and lagging strands (Tanaka and Nasmyth, 1998; 
Walter and Newport, 2000). DNA polymerase ε extends the leading strand and DNA 
polymerase δ extends each Okazaki fragment on the lagging strand (Burgers, 2009; Nick 
McElhinny et al., 2008). Similar events are thought to occur at later origins, although with a 
slight delay, as Sld3 and Cdc45 do not bind to late origins until S phase is underway. This 
temporal pattern of initiation is posited to be driven by DDK acting on different origins at 
distinct times (reviewed in Labib, 2010). 
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Figure 1.4: Summary of events in S phase leading to replisome formation.  
At early firing origins Sld3 and Cdc45 bind weakly in late G1. The MCM2-7 helicase remains 
inactive until DDK and S-CDK are activated. DDK phosphorylates MCM2-7. S-CDK also 
phosphorylates MCM2-7, but primarily targets Sld2 and Sld3. Phosphorylated Sld2 binds 
Dpb11 to form the pre-LC, along with GINS and pol ε. Phosphorylated Sld3 interacts with 
Dpb11 within the pre-LC targeting it to origins. Once the pre-LC binds the origin the CMG can 
form and contains the active form of the MCM2-7 helicase. The CMG unwinds the origin, 
RPA binds the ssDNA (not shown) and the leading and lagging strands are primed by DNA 
polymerase α. DNA polymerase ε extends the leading strand and DNA polymerase δ extends 
the lagging strand. Other fork proteins and Mcm10 have been omitted for simplicity. Similar 
events are thought to occur at later origins, although with a slight delay, as Sld3 and Cdc45 do 
not bind to late origins until S phase is underway (adapted from Labib, 2010). 
Chapter 1 - Introduction 
36 
 
1.3.1 Mcm10 
Mcm10 is the first pre-IC component to be recruited and remains bound at the fork until it is 
dismantled after replication. Mcm10 binds to both early and late origins in late G1 (Ricke and 
Bielinsky, 2004) and enhances Cdc45 binding in all eukaryotes (Gregan et al., 2003; Sawyer et 
al., 2004; Wohlschlegel et al., 2002). However, once the replisome is formed Mcm10 and 
Cdc45 interactions with MCM2-7 are maintained by different mechanisms (Gambus et al., 
2006). In both budding yeast and higher eukaryotes Mcm10 is important for pol α function. Pol 
α has four subunits, pol1, pol12, pri1 and pri2, and contains a primase activity that synthesises 
the RNA primers needed for both leading and lagging strand synthesis. Mcm10 binds pol α in 
the absence of DNA and prevents degradation of the pol1 catalytic subunit (Chattopadhyay and 
Bielinsky, 2007; Ricke and Bielinsky, 2006). In S phase Mcm10 brings pol α to origins and is 
required to maintain it on DNA, this function is independent of its role in Cdc45 recruitment. 
This makes Mcm10 unique in that it is recruited twice to origins during initiation, first during 
pre-IC formation and again during replisome formation (Ricke and Bielinsky, 2004). Mcm10 is 
aided in loading pol α by chromosome transmission fidelity 4 (Ctf4: see Section 1.4.3), which 
binds Mcm10 and is required for effective pol α loading on to DNA (Wang et al., 2010; Zhu et 
al., 2007). 
In S phase, Mcm10 interacts with proliferating cell nuclear antigen (PCNA) in the replisome. 
Ubiquitination of Mcm10 outside of S phase ensures that interaction with PCNA is prevented 
for the rest of the cell cycle. As the replisome matures, responsibility for DNA synthesis passes 
from pol α to pol ε on the leading strand and pol δ on the lagging strand (Nick McElhinny et 
al., 2008). Mcm10 bound to PCNA cannot bind pol α, therefore Mcm10 binding to PCNA may 
be part of the mechanism to switch DNA synthesis from pol α to pol δ and ε (Das-Bradoo et 
al., 2006).  In fission yeast, Mcm10 can stimulate the polymerase activity of pol α (Fien et al., 
2004), but it remains to be seen how conserved this mechanism is and how it would be 
integrated with other signals in the replisome.  
1.3.2 Cdc45 
Cdc45 was originally identified in a screen for cold-sensitive cell cycle progression mutants 
(Moir et al., 1982). Its mechanism of action during initiation and elongation is not fully 
understood and deciphering its function has been difficult due to a lack of recognisable 
structural motifs that would give a clue as to its function. However, a new analysis of the 
evolution of Cdc45 suggests that it may be related to RecJ. RecJ is a bacterial 5′-3′ exonuclease 
involved in the rescue of stalled forks and Cdc45 is predicted to contain a similar exonuclease 
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domain (Sanchez-Pulido and Ponting, 2011). Cdc45 is required for both fork initiation and 
elongation (Aparicio et al., 1997; Hopwood and Dalton, 1996; Tercero et al., 2000), although 
unlike pre-RC components, Cdc45 can be re-loaded on origins to continue replication 
following a transient loss (Tercero et al., 2000). The role of Cdc45 in elongation is confirmed 
by its inclusion in the replisome (Kamimura et al., 2001; Kanemaki and Labib, 2006). Cdc45 is 
required for establishment and maintenance of origin unwinding (Masuda et al., 2003; Mimura 
et al., 2000; Pacek and Walter, 2004; Walter and Newport, 2000; Zou and Stillman, 2000) and 
for polymerase recruitment (Mimura and Takisawa, 1998; Uchiyama et al., 2001; Zou and 
Stillman, 2000) in yeast and higher eukaryotes. In its absence, association of pol α and pol ε 
are notably compromised (Aparicio et al., 1999; Zou and Stillman, 2000). Some studies have 
shown a weak, kinase-independent association of Cdc45 with early firing origins in late G1 in 
several eukaryotes (Aparicio et al., 1999; Aparicio et al., 1997; Kanemaki and Labib, 2006; 
Sclafani et al., 2002; Zou and Stillman, 2000). However, an increased and stable association is 
not observed until S phase, when Cdc45 binds MCM2-7 in an S-CDK and DDK-dependent 
manner (Jares and Blow, 2000; Masuda et al., 2003; Mimura and Takisawa, 1998; Owens et 
al., 1997; Sheu and Stillman, 2006; Walter and Newport, 2000; Zou and Stillman, 1998, 2000). 
Cdc45 forms a complex with Sld3 (Kamimura et al., 2001) and binds early origins first in S 
phase and subsequently later origins, suggesting a role in the temporal regulation of origin 
firing (Aparicio et al., 1999; Zou and Stillman, 2000).  
Recruitment of Cdc45 to origins is enhanced by Mcm10 (Gregan et al., 2003; Sawyer et al., 
2004; Wohlschlegel et al., 2002) and interdependent on Sld3 (Kamimura et al., 2001). The 
interplay between Cdc45, Sld3 and GINS reveals that Cdc45 binding to early origins is reliant 
on Sld3 (Kamimura et al., 2001). Cdc45 does not require GINS to bind origins, but its 
subsequent incorporation into the replisome, presumably through CMG formation, is reliant on 
GINS following activation of S-CDK (Kanemaki and Labib, 2006).  
1.3.3 GINS 
GINS was discovered in yeast and higher eukaryotes almost simultaneously (Kanemaki et al., 
2003; Kubota et al., 2003; Takayama et al., 2003). GINS contains four subunits Sld5, partner 
of Sld5 (Psf) 1, Psf2 and Psf3 that lack known sequence and structural motifs and interact with 
each other throughout the cell cycle (Takayama et al., 2003). A crystal structure of H. sapiens 
GINS (Kamada et al., 2007) and an electron microscope structure of the D. melanogaster 
CMG (Costa et al., 2011) give some clues as to how the subunits interact and how GINS 
completes its role in replication. Bioinformatic and electron microscopy studies had previously 
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alluded to many of the characteristics identified in these studies, suggesting that the structure 
and function of GINS is well conserved in eukaryotes (Labib and Gambus, 2007; MacNeill, 
2010). The subunits form a trapezoid structure, probably through hydrophobic interactions, 
with Psf2 and Psf3 on the bottom and Sld5 and Psf1 on top. There is a central cleft within the 
complex; however this is highly negatively charged, which indicates it would be difficult to 
insert DNA in to it (Kamada et al., 2007). In addition, once part of the CMG, GINS is 
positioned to the side of MCM2-7 suggesting it does not encircle DNA (Costa et al., 2011). 
Each subunit has two domains, an A (α helix rich) and a B (β strand rich) domain. There are 
two conserved residues in the A domain of each subunit. Interestingly, the C-terminal B 
domain of Psf1 is the only portion of GINS that is dispensable for oligomerisation, but it is 
essential for the replicative function of the complex (Kamada et al., 2007). Taken together 
these data suggest that the function of Psf2, Psf3 and Sld5 is to provide a scaffold to ensure 
correct positioning of the C-terminus of Psf1 and that GINS does not encircle DNA within the 
CMG.  
GINS is one of the last proteins to bind origins during initiation, arriving at about the same 
time as Cdc45 binding increases in S phase then moving with the fork (Calzada et al., 2005; 
Kanemaki and Labib, 2006; Takayama et al., 2003). In the absence of DNA, GINS has a high 
affinity for MCM2-7, which is not dependent on ATP (Bruck and Kaplan, 2011a). However, 
GINS binding to origins requires S-CDK and DDK activation and is necessary to incorporate 
Cdc45 into the replisome (Kanemaki and Labib, 2006; Yabuuchi et al., 2006). GINS is needed 
for RPA and pol ε recruitment to origins (Kanemaki and Labib, 2006).  
In the absence of DNA, size exclusion chromatography analysis showed that GINS and Sld3 
can compete with one another for MCM2-7 and Cdc45 binding (Bruck and Kaplan, 2011a). 
Cdc45, MCM2-7 and Sld3 bind origins during pre-IC formation in S phase (Kanemaki and 
Labib, 2006). It is possible that GINS competes with Sld3 for its position in the complex and 
when GINS binds, Sld3 is excluded and the CMG is formed. As may be expected from this 
GINS and Sld3 are not able to interact with each other in co-immunoprecipitation assays. 
However, size exclusion chromatography analysis demonstrated that at equilibrium, the ratio of 
complexes containing GINS or Sld3 is roughly 1:1, suggesting that another factor(s) may be 
required to push the equilibrium in favour of one complex or the other at the appropriate time 
(Bruck and Kaplan, 2011a). One such factor may be ssDNA, as ssDNA has been shown to 
promote GINS-MCM2-7 interaction at the cost of Sld3-MCM2-7 interactions in GST pull-
down assays (Bruck and Kaplan, 2011b). Taken together these data suggest that at least one 
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role of the pre-LC (S-CDK and Sld3 dependent) is to deliver GINS to origins, where it can 
remodel the pre-IC to begin replisome formation. However, it should be kept in mind that the 
in vitro studies carried out by Bruck and Kaplan (2011a, b) were carried out solely using pull-
down assays and size exclusion chromatography without the full complement of replication 
proteins or a full length origin present. Therefore, an in vivo role for the interactions they 
describe will require further experiments in a more physiological assay. The key event marking 
the transition from pre-IC to replisome is the expulsion of Sld3 and formation of the CMG. 
How CMG formation might trigger Sld3 ejection from origins is unclear, although mechanisms 
such as DDK phosphorylation of Mcm4 and Mcm6 (Randell et al., 2010; Sheu and Stillman, 
2010) and production of ssDNA (Bruck and Kaplan, 2011b) may be involved.  
GINS continues to fulfil its essential function throughout elongation in several ways. It is part 
of the CMG helicase unit and is needed to recruit some replisome factors, including Ctf4, 
mediator of the replication checkpoint 1 (Mrc1), topoisomerase I interacting factor (Tof1), 
chromosome segregation in meiosis 3 (Csm3) and topoisomerase I (TopI) to the fork. 
Additionally, it maintains the interaction between Cdc45, Ctf4, TopI and Csm3 with MCM2-7 
within the replisome (Gambus et al., 2006).  
1.3.4 Sld3 
Sld3 was discovered during a screen for mutants that were synthetically lethal with Dpb11 
(Kamimura et al., 1998). The essential function of Sld3 is limited to initiation and it does not 
move with the fork. Sld3 is the protein that defines the pre-IC, distinguishing it from the 
pre-RC, pre-LC and replisome (Kanemaki and Labib, 2006). Most information about Sld3 
function comes from budding yeast, as the human Sld3 homologue (Treslin/Ticrr) has only 
very recently been discovered (Kumagai et al., 2010, 2011; Sanchez-Pulido et al., 2010), 
although to date it appears subject to the same regulation as described for budding yeast Sld3 
(Boos et al., 2011; Kumagai et al., 2011). In budding yeast, Sld3 is recruited to origins with 
almost identical kinetics to Cdc45 (Kamimura et al., 2001; Kanemaki and Labib, 2006), indeed 
they form a complex which binds origins weakly in late G1 and stably in S phase. The binding 
of Sld3 is interdependent on Cdc45 (Kamimura et al., 2001), although how they are recruited 
to the origin is still unknown. In S phase, Sld3 binds MCM2-7 and Cdc45 and stimulates the 
ability of Cdc45 to bind MCM2-7 (Bruck and Kaplan, 2011a). Sld3 is required to load GINS at 
origins and in turn ejection of Sld3 from the pre-IC is encouraged by GINS binding (Takayama 
et al., 2003). This GINS-mediated Sld3 expulsion also occurs in the fission yeast (Yabuuchi et 
al., 2006). 
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The role of Sld3 in initiation may be to load Cdc45 and GINS on to origins to form the CMG 
(Kanemaki and Labib, 2006). The loading of GINS is likely facilitated by Sld3. Once 
phosphorylated by S-CDK, Sld3 binds to Dpb11 (Tanaka et al., 2007a; Zegerman and Diffley, 
2007), which is part of the pre-LC (Muramatsu et al., 2010). In the absence of GINS, Sld3 
release kinetics are slowed (Kanemaki and Labib, 2006) and this may be explained by 
competition between Sld3 and GINS for the same binding site on MCM2-7. Moreover, GINS 
can inhibit Sld3 interaction with Cdc45, which may be important for ensuring Sld3 ejection 
(Bruck and Kaplan, 2011a). 
S-CDK phosphorylation of Sld3 is likely the signal that recruits the pre-LC to origins, thereby 
allowing CMG helicase assembly (Muramatsu et al., 2010; Tanaka and Araki, 2010). Sld3 and 
Sld2 are the minimal S-CDK targets required for initiation of DNA replication. Two sites 
(T600 and S622) on Sld3 must be phosphorylated to allow the C-terminus of Sld3 to interact 
with the N-terminus of Dpb11 (Tanaka et al., 2007b; Zegerman and Diffley, 2007). Cdc45 
stabilises the binding of Sld3 to Dpb11, as Cdc45 that bypasses the requirement for S-CDK 
(Cdc45-Jet1) allows interaction of Sld3 and Dpb11 without phosphorylation of T600 or S622 
on Sld3 (Tanaka et al., 2007b). However, S-CDK is not required for Sld3 to bind MCM2-7 or 
Cdc45, as Sld3 can compete with GINS for binding of these substrates irrespective of its 
phosphorylation state (Bruck and Kaplan, 2011a). Moreover, given that Sld3 competition for 
GINS binding hinders CMG formation, Sld3 may be a key regulator of helicase activation, 
ensuring that the CMG does not form inappropriately (Bruck and Kaplan, 2011a).  
Sld3 is also an important target of the intra-S phase checkpoint kinase, radiation sensitive 53 
(Rad53). The principle role of Rad53 is to slow replication in response to DNA damage, as 
sensed by stalled forks (Paulovich and Hartwell, 1995). During the intra-S phase checkpoint it 
completes this role by preventing late origin firing, providing time for repair to be carried out 
at stalled forks (Santocanale and Diffley, 1998). One way in which late origin firing is 
inhibited is by Rad53 phosphorylation of Sld3. This prevents Sld3 binding Dpb11 and impairs 
its interaction with Cdc45, even if Sld3 has been phosphorylated by S-CDK (Lopez-Mosqueda 
et al., 2010; Zegerman and Diffley, 2010). Absence of Sld3 and Cdc45 or Dpb11 complexes 
means that the pre-LC cannot be recruited, the pre-IC is not converted to a replisome and no 
replication occurs.     
1.3.5 Sld2 
Sld2 was discovered in the same screen for mutants synthetically lethal with Dpb11 as Sld3 
(Kamimura et al., 1998). Sld2 binds Dpb11 during initiation (Kamimura et al., 1998; Tak et 
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al., 2006) and, like Sld3, is an essential S-CDK target that must be phosphorylated to generate 
permissive conditions for origin firing (Masumoto et al., 2002). Indeed, Sld2 and Sld3 
represent the minimal set of S-CDK targets required for initiation. S-CDK phosphorylation of 
T84 is required to enable Sld2 to bind to the C-terminal portion of Dpb11 (Tanaka et al., 
2007b; Zegerman and Diffley, 2007; section 1.3.6). This may be at least one of the S-CDK 
dependent steps required to form the pre-LC, which contains Sld2, Dpb11, GINS and pol ε 
(Muramatsu et al., 2010; Takayama et al., 2003) and must associate with origins during the 
transition from pre-IC to replisome. Sld2 plays a key role in the pre-LC as it allows GINS and 
pol ε to interact with Dpb11, so that when Sld3 recruits Dpb11 to the origin the rest of the 
pre-LC follows.  
S-CDK phosphorylation of Sld2 T84 requires multiple pre-phosphorylations before T84 is 
available to S-CDK.  This sets up a model where S-CDK must reach a minimum threshold of 
activity before it can activate Sld2 and suggests that S-CDK levels are a means to fine tune 
replication. Low levels of S-CDK will act on the pre-RC and make sure that initiation only 
begins once de novo pre-RC formation is prevented, ensuring that the pre-IC does not form 
prematurely, before all pre-RC components are under control of S phase factors (Araki, 2010; 
Tak et al., 2006; Tanaka et al., 2007a).  
1.3.6 Dpb11 
Dpb11 co-operates with Cdc45 to load pol α and ε. Dpb11 and pol ε form a complex and this 
complex must be recruited to origins to facilitate pol α loading (Masumoto et al., 2000). Dpb11 
is also required for prevention of late origin firing during cell cycle arrest following treatment 
with hydroxyurea (HU), an inhibitor of ribonucleotide reductase, which allows firing of early 
but not late origins, suggesting a role in intra-S phase checkpoint activation (Araki et al., 1995; 
Masumoto et al., 2000; Mordes et al., 2008). Dpb11 contains four BRCA1 C-terminal (BRCT) 
domains spread throughout the protein (Zegerman and Diffley, 2007). A key characteristic of 
BRCT domain pairs is their affinity for phosphopeptides (reviewed in Glover et al., 2004). 
Following S-CDK activation, the C-terminal two BRCT domains bind Sld2 phosphorylated on 
T84, whilst the N-terminal BRCT pair bind Sld3 phosphorylated on T600 and S622 (Tanaka et 
al., 2007b; Zegerman and Diffley, 2007). Dpb11 loading is mutually dependent on GINS 
(Takayama et al., 2003; Yabuuchi et al., 2006), presumably due to their concomitant 
recruitment as part of the pre-LC (Muramatsu et al., 2010). The pre-LC may serve to trigger 
the transition from pre-IC to replisome, by delivering the missing helicase component (GINS) 
and pol ε. The role of Dpb11 in this may be to provide a link between the pre-LC components, 
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as it binds pol ε and then phosphorylated Sld2. Furthermore, Dpb11 targets the pre-LC 
appropriately to origins by binding phosphorylated Sld3 (Section 1.3.4).  
1.3.7 RPA 
RPA is the eukaryotic ssDNA binding protein, it consists of three subunits, all of which are 
essential in yeast. It can also bind dsDNA and RNA, but with much lower affinity (reviewed in 
Wold, 1997). In Xenopus laevis it binds to ssDNA in S phase after Cdc45 binding, but prior to 
pol α recruitment. Indeed, pol α cannot be recruited in its absence (Walter and Newport, 2000). 
Similarly, in budding yeast, RPA binding requires S-CDK, DDK and MCM2-7 and pol α only 
associates after RPA has bound (Tanaka and Nasmyth, 1998). HU allows the firing of early 
origins and inhibits late origins. In the presence of HU, RPA mimics Cdc45 in that it binds 
early, but not late origins (Aparicio et al., 1999; Tanaka and Nasmyth, 1998; Zou and Stillman, 
2000), presumably reflecting delayed helicase activation at late origins. Premature binding of 
RPA is prevented by Rad53 kinase (Tanaka and Nasmyth, 1998). The principle role of Rad53 
is to slow replication in response to DNA damage (Paulovich and Hartwell, 1995). This role of 
Rad53 may also occur in an unperturbed S phase and represent the natural mechanism by 
which RPA association with late origins is controlled (Tanaka and Nasmyth, 1998).    
1.3.8 Sld7 
Whilst it seems that all essential proteins required for replication are now identified, many 
more with important roles may remain unknown. Following the discovery of Sld2, Sld3 and 
Sld5 in a screen for mutants synthetically lethal with Dpb11, a second modified screen was 
carried out and identified Sld7. The first screen used the ts-strain Dpb11-1, which carries its 
inactivating mutation in the C-terminal BRCT domains of Dpb11 (Kamimura et al., 1998; 
Kamimura et al., 2001). The second screen used Dpb11-24, in which the mutated region is 
switched to the N-terminal BRCT domains. Sld7 binds to the N-terminus of Sld3, reducing its 
affinity for Cdc45. Whilst Sld7 is not required for Sld3 to bind to origins, absence of Sld7 
reduces Sld3 levels in the cell and leads to a delay in origin firing, as measured by an extended 
association of GINS with origin DNA. The role of Sld7 may be to improve replication 
efficiency by stabilising Sld3 and aiding its release from origins during CMG formation 
(Tanaka et al., 2011).  
1.4 Replisome components  
There are several factors that are required for replisome progression, some of which are 
recruited within the pre-IC: including pol α, pol ε and the CMG, and some that join the nascent 
replisome: such as PCNA and RFC. The CMG will be discussed below, but the other replisome 
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factors will be mentioned only briefly for completeness. Further information on replisome 
proteins can be found in the following reviews (Bochman and Schwacha, 2009; DePamphilis, 
2006; Johansson and MacNeill, 2010; Kunkel and Burgers, 2008; Takeda and Dutta, 2005). 
1.4.1 CMG 
The CMG consists of Cdc45, MCM2-7 and GINS and contains the active form of the MCM2-7 
helicase. It was first discovered in D. melanogaster and X. laevis. CMG purified from D. 
melanogaster was shown to have ATP-dependent helicase activity (Moyer et al., 2006). It was 
isolated at a similar time in X. laevis, in the presence of Aphidicolin, which causes the 
replicative helicase to become uncoupled from the polymerases. Here, the three CMG proteins: 
Cdc45, MCM2-7 and GINS, were found to co-localise with helicase activity (Pacek et al., 
2006). Subsequently, existence of the CMG was implied in H. sapiens (Aparicio et al., 2009) 
and budding yeast (Gambus et al., 2006). In X. laevis, formation of the CMG increases the 
ATPase and helicase activities of MCM2-7 and improves its DNA substrate recognition and 
affinity (Ilves et al., 2010). Structural studies are now providing mechanistic insights into these 
changes in activity. 
H. sapiens GINS contains a highly negatively charged central cleft, which means it would repel 
the insertion of DNA into it, suggesting that GINS does not encircle DNA during CMG 
formation (Kamada et al., 2007). The CMG has been modelled to act as the front of the 
replisome, moving 3′-5′ along the leading strand, producing ssDNA for all three replicative 
polymerases (Calzada et al., 2005; Ilves et al., 2010; MacNeill, 2010; Pacek et al., 2006). In D. 
melanogaster, the CMG contains a large bi-lobed central channel created when GINS and 
Cdc45 bind across the Mcm2-5 gate and hold it closed. Regardless of the presence of ATP, 
Psf2 and Psf3 bind the N-termini of Mcm3 and Mcm5 and Cdc45 interacts with the N-terminal 
A domain of Psf2 and the N-terminus of Mcm2. At some point during replisome formation the 
CMG helicase is activated and it seems that this requires a conformation change whereby the 
Mcm2-5 gate is closed, the MCM2-7 ring is constricted and GINS contact with Mcm3 and 5 
expands to the AAA+ domains. This remodelling of the CMG generates a second channel 
running along the outer edge of the MCM2-7 ring, presumably providing a path for newly 
generated ssDNA (Costa et al., 2011). A similar external channel also exists in some archaea 
(Graham et al., 2011).  
How the CMG functions in budding yeast remains unknown, but given the similarities in 
biochemistry between budding yeast and higher eukaryotes it is tempting to speculate that it 
will adopt a similar structure to that described for D. melanogaster. However, it is important to 
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bear in mind that in budding yeast (Evrin et al., 2009; Remus et al., 2009) and X. laevis 
(Gambus et al., 2011) MCM2-7 is loaded on to dsDNA as a double hexamer and encircles it as 
a closed ring. Therefore, closing of the gate by GINS and Cdc45 suggested by Costa and 
colleagues during CMG formation (Costa et al., 2011) would only be required in budding yeast 
if the double hexamer splits during CMG formation and this weakens interactions between 
Mcm2 and Mcm5, at which point GINS and Cdc45 could bridge the gap in the MCM2-7 ring.  
1.4.2 Replicative polymerases, sliding clamp and clamp loader 
Pol α, Pol δ and Pol ε are the three replicative polymerases (reviewed in Johansson and 
MacNeill, 2010; also in Kunkel and Burgers, 2008). Primase forms a complex with pol α and 
synthesises RNA primers required for polymerase activity, pol α then extends a short stretch of 
DNA from the primer. Pol δ and pol ε replace pol α on the lagging and leading strand 
respectively (Burgers, 2009; Nick McElhinny et al., 2008). Pol ε is also important during 
initiation as it bridges interactions between Sld2 and GINS, which cannot interact directly 
(Araki, 2010). PCNA is the eukaryotic sliding clamp, it is loaded onto DNA by replication 
factor C (RFC) once the template is primed by pol α (Pacek and Walter, 2004). PCNA is 
required for stabilising pol ε on the leading strand and proteins required for Okazaki fragment 
maturation, including pol δ, on the lagging strand. RFC is a open ring assembly of five AAA+ 
subunits, which cracks open the PCNA ring in an ATP-dependent manner to slide it around 
DNA (DePamphilis, 2006). 
1.4.3 Other replisome components 
The replisome is dynamic and to a certain extent its components reflect cellular conditions at 
that moment in time. However, there are some constants. Cdc9 is the DNA ligase responsible 
for closing nicks generated by replication and is targeted to these nicks by PCNA. Mrc1 and 
the Tof1-Csm3 complex are important in intra-S phase checkpoint activation (Alcasabas et al., 
2001; Katou et al., 2003; Zegerman and Diffley, 2003).  The Tof1-Csm3 complex also allows 
forks to pause at protein barriers. Mrc1 binds Mcm6 and pol ε, and may provide a means to 
communicate polymerase status to the MCM2-7 helicase (Bochman and Schwacha, 2009). A 
histone chaperone, facilitates chromatin transcription (FACT), interacts with MCM2-7 
(Gambus et al., 2006) and pol α and is required to reorganise nucleosomes to provide access to 
DNA for the replicative polymerases (Wittmeyer and Formosa, 1997).  FACT has also been 
implicated in the control of replication fork rates, as chicken cells lacking one FACT subunit 
showed decreased DNA synthesis, but normal polymerase loading and origin firing (Abe et al., 
2011). Ctf4 is conserved in eukaryotes and has roles in replication and sister chromatid 
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cohesion, although exactly how it functions is still being uncovered. After assisting Mcm10 in 
loading pol α (Wang et al., 2010; Zhu et al., 2007) Ctf4 moves with the replication fork and 
has been shown to act in concert with GINS to tether pol α to the replisome by linking it to 
MCM2-7 (Gambus et al., 2009; Tanaka et al., 2009). Given its prominence in linking pol α 
with MCM2-7, Ctf4 is implicated in co-ordinating progress of the fork.  
1.5 Initiation of DNA replication is kinase driven 
Two principle kinases are required for initiation of DNA replication, S-CDK and DDK. All 
eukaryotes require an ordered kinase activity during initiation. In X. laevis DDK activity is 
required before S-CDK can fulfil its role (Jares and Blow, 2000; Walter, 2000) and the same is 
true in fission yeast (Yabuuchi et al., 2006). It was initially thought that budding yeast differed 
from the other eukaryotes characterised and that DDK was active in cells before S-CDK, but 
did not perform its S phase function until after S-CDK activation (Nougarede et al., 2000). 
However, a recent study suggests that, like X. laevis and fission yeast, budding yeast 
replication requires a DDK-dependent step before S-CDK-dependent steps take place (Heller et 
al., 2011). These differences in the budding yeast data probably reflect the different 
experimental approaches taken by the Nougarede and Heller studies. Nougarede and colleagues 
used temperature-sensitive (ts) alleles of S-CDK and DDK subunits to determine whether each 
could drive replication in the absence of the other. Heller and colleagues examined initiation at 
a single origin in vitro using S phase extracts produced using a ts-allele of CDC7 to inactivate 
DDK and added purified S-CDK inhibitor Sic1 to prevent S-CDK activity. The global 
approach of the Nougarede study and the focus on a single origin in the Heller study may 
explain why the kinase hierarchy was reversed. It may be that the Heller study is not fully 
representative of all origins in S phase, meaning that in different situations at different origins 
both scenarios may occur.  
Both S-CDK and DDK are serine/threonine kinases, but they have opposing preferences for the 
type of amino acid that follows the serine or threonine. S-CDK generally favours serines and 
threonines flanked by a proline and a basic arginine or lysine (Songyang et al., 1994). DDK 
has a preference for serine/threonine residues that are followed by an acidic amino acid, such 
as aspartate or glutamate. However, a serine that has been phosphorylated by another kinase 
can also satisfy the requirement of DDK for an acidic amino acid (Labib, 2010).  
S-CDK is regulated as described in Section 1.2.6 and acts on Sld3 (Section 1.3.4) and Sld2 
(Section 1.3.5). Levels of the Cdc7 catalytic subunit are constant during the cell cycle, but the 
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regulatory subunit, Dbf4, is targeted for proteolysis by the APC outside S phase, thereby 
restricting DDK activity (Weinreich and Stillman, 1999).  
The role DDK plays in initiation is still emerging, but it seems clear that the major DDK target 
is MCM2-7. DDK phosphorylation of MCM2-7 may create direct binding sites for factors such 
as Cdc45 and GINS, or cause a structural change in MCM2-7 that is required for helicase 
activation.  
There are two currently understood ways in which DDK requirement for helicase activation 
can be bypassed. First, a point mutation in Mcm5 (Mcm5-bob1) that causes a structural change 
in the other subunits can bypass the requirement for DDK, possibly as this conformation 
mimics that adopted following DDK phosphorylation (Hardy et al., 1997; Hoang et al., 2007; 
Leon et al., 2008). The second involves the N-terminal tail of Mcm4. Eukaryotic MCM2-7 has 
evolved unstructured N-terminal extensions (NSD or tails) on Mcm2, Mcm4 and Mcm6 and it 
is these protrusions that appear to be the main DDK substrates in vivo. These tails are very 
serine/threonine rich and contain multiple DDK motifs, including a subset that are only 
accessible to DDK if they have been previously phosphorylated by S-CDK, generating an 
acidic residue (Devault et al., 2008; Masai et al., 2006). Mec1 (the budding yeast orthologue of 
ataxia telangiectasia mutated- and rad3-related (ATR) from higher eukaryotes) also has a role 
in preparing MCM2-7 for DDK phosphorylation, Mcm4 and Mcm6 have multiple sites in their 
N-termini that require pre-phosphorylation by Mec1 to allow DDK access (Francis et al., 2009; 
Randell et al., 2010). The Mcm4 tail is the best characterised, it contains redundant binding 
sites for Cdc7 and there is also a ‘docking region’ in the adjacent portion of the N-terminus that 
binds DDK. Phosphorylated Mcm4 is greatly enriched within Cdc45∙MCM2-7 complexes 
(Sheu and Stillman, 2006) and therefore presumably the CMG helicase. Subsequently, it was 
demonstrated that Mcm4 contains an inhibitory activity that is alleviated by DDK 
phosphorylation. Deletion of this domain allows S phase to proceed in the absence of DDK, 
but it is slow and Cdc45∙MCM2-7 stability is compromised. Removal of the equivalent 
portions of Mcm2 or 6 does not have the same effect, suggesting that although Mcm4 is not the 
only DDK target required for initiation, it may be the key subunit responsible for integrating 
the multitude of positive and negative signals received by MCM2-7 (Sheu and Stillman, 2010).  
In summary, phosphorylation of the N-terminal tails of Mcm2, Mcm4 and Mcm6 is probably 
the primary way DDK promotes initiation, through the stabilisation of MCM2-7/Cdc45 
interactions. The mechanism remains undiscovered, but an attractive proposal is that MCM2-7 
undergoes DDK-dependent structural remodelling that can accommodate replisome formation. 
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Further DDK targets may exist in vivo, and there are some candidates suggested by in vitro 
studies, such as Cdc45 (Nougarede et al., 2000) and pol α (Weinreich and Stillman, 1999).  
1.6 DNA unwinding during initiation of replication 
Duplex DNA must be unwound to allow access to information encoded by each individual 
base in the strand. DNA polymerases are the enzymes responsible for duplicating the base 
sequence of each strand in order to preserve the integrity of the information they encode. 
However, despite their requirement for an ssDNA template, very few polymerases are able to 
unwind dsDNA. In budding yeast, none of the three replicative polymerases act as a helicase 
(reviewed in Johansson and MacNeill, 2010; Kawasaki and Sugino, 2001; Kunkel and Burgers, 
2008), indicating that some other protein(s) must carry out unwinding prior to polymerase 
activation.  
Understanding of the work carried out in this investigation requires the establishment of 
terminology for different types of DNA unwinding. These terms were developed following 
work on bacterial DNA replication and subdivide DNA unwinding in to three stages. The first 
stage is melting: localised, unstable formation of ssDNA within DUE of origin sequences that 
is carried out by origin binding proteins. Melting can also be aided by negative supercoiling 
(Bramhill and Kornberg, 1988), which increases the number of bases per turn of the DNA 
helix. The next stage is initial DNA unwinding: stable denaturation, carried out by a helicase to 
provide single-stranded substrates for polymerase binding. Finally, sustained unwinding is 
carried out by helicases in conjunction with the replication machinery (Fang et al., 1999). 
These terms are relevant to this investigation because it is conceivable that a similar hierarchy 
is present in eukaryotes and that this is linked with origin licensing and activation. It should be 
noted that origin DNA also exhibits DNA ‘breathing’, which is transient, spontaneous opening 
of short stretches of the double helix, distinct from the processes described above. ‘Breathing’ 
is attributed to inherent helical instability of origins and the associated sensitivity to 
environmental influences, such as temperature fluctuations (Kowalski et al., 1988).  
Whilst the models for helicase-mediated sustained unwinding presented in Section 1.2.5 differ 
in their requirements for melting, all have an absolute requirement for initial DNA unwinding. 
This project did not examine MCM2-7 helicase activity, but instead focussed on the 
identification of melting and/or initial unwinding within the context of the pre-RC and pre-IC. 
Current understanding of these processes in budding yeast and parallels with other 
experimental organisms will be explored below. 
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1.6.1  Melting and initial DNA unwinding in budding yeast 
Budding yeast ORC cannot melt DNA (Klemm et al., 1997), although it can interact with 
ssDNA (Lee et al., 2000). Interestingly, studies with ARS1 suggest that, at least at a subset of 
origins, ORC bends DNA and places it under torsional stress (Lee and Bell, 1997; Rowley et 
al., 1995). Moreover, in fission yeast and some archaea ORC induces DNA bending and 
underwinding of origin DNA (Dueber et al., 2007; Gaudier et al., 2007; Houchens et al., 
2008). Nevertheless, although ORC is not the perpetrator, some melting and/or initial 
unwinding must occur during either helicase loading (pre-RC formation) or activation (pre-IC 
formation), as many helicases require some ssDNA before they can become processive (see 
Sections 1.2.5 and 1.6).  
Budding yeast MCM2-7 is loaded around dsDNA (Evrin et al., 2009; Remus et al., 2009), 
which indicates that neither ORC nor Cdc6 are responsible for origin melting prior to helicase 
loading. However, it does not exclude the possibility that the action of helicase loading 
generates some duplex melting. Regardless of the duplex topology during helicase loading, 
melting and/or initial unwinding must occur by the time the MCM2-7 helicase is activated, to 
allow it to perform the sustained unwinding needed for replication. Structural data from 
D. melanogaster indicate that formation of the active CMG helicase involves extensive 
remodelling of the MCM2-7 hexamer (Costa et al., 2011) and data from budding yeast suggest 
that helicase activation involves the splitting of the double hexamer (Gambus et al., 2006). 
Therefore, it is tempting to speculate that the formation of the CMG during activation of the 
MCM2-7 helicase is the event that generates initial DNA unwinding. Duplex melting could 
occur at this point or it may already be present, having been generated by the loading of the 
MCM2-7 helicase.   
1.6.2 Melting and initial DNA unwinding during helicase loading in bacteria 
DnaA is the bacterial equivalent of ORC and, like ORC, is a member of the AAA+ family of 
ATPases. DnaA binds to the E. coli origin oriC in an ATP-dependent manner. Once bound, it 
oligomerises and wraps the DNA forming helical filament structures, which leads to DNA 
unwinding. DnaA is then involved in stabilising the unwound region until the helicase DnaB 
can be loaded (for reviews see Duderstadt and Berger, 2008; Katayama, 2008; Mott and 
Berger, 2007). Whilst ORC and Cdc6 clearly do not act in exactly the same manner as DnaA, 
their structural similarities mean that they may be involved in remodelling origin DNA. Indeed, 
ORC∙Cdc6 can assume a helical filament form (Clarey et al., 2006; Speck et al., 2005). 
However, they may be assisted in further remodelling the origin DNA by Cdt1 and MCM2-7. 
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Moreover, given that ORC can bind ssDNA (Lee et al., 2000) it may perform a stabilising 
function in the context of origins containing melted DNA.   
1.6.3 Melting and initial DNA unwinding during helicase activation in viral systems 
The SV40 and Papillomavirus viral replication systems have been extensively characterised 
and have provided useful insights into initial unwinding during activation of the replicative 
helicase. They differ from eukaryotic systems in that they lack an initiator protein, rather the 
helicase rings self-assemble around dsDNA.  
The SV40 initiator protein and helicase is Large T Antigen (TAg). In solution TAg is 
monomeric, only oligomerising when it binds the origin. TAg assembles around dsDNA at the 
viral origin as a double hexamer and ATP binding facilitates localised melting within the 
complex. Upon ATP hydrolysis the TAg becomes a fully activated helicase and can carry out 
sustained unwinding (for reviews see Duderstadt and Berger, 2008; Fanning and Knippers, 
1992).  
The Papillomavirus E1 protein acts in a very similar manner. Like TAg, E1 exists as monomers 
in solution. E1 catalyses a two-step melting and unwinding process. First it binds, in an 
ATP-dependent fashion, as a double trimer (two trimers head to head) around origin dsDNA 
and generates localised duplex melting. Next, following ATP hydrolysis, the trimers are each 
remodelled to a hexamer and during this process initial unwinding occurs, with origin DNA 
placed in the central channel of the resultant double hexamer, allowing for sustained 
unwinding. In this system melting and initial unwinding are distinct events separate from 
sustained unwinding, as evidenced by mutatational analysis of E1 proteins that allow melting 
but cannot support sustained unwinding (for reviews see Bochman and Schwacha, 2009; 
Duderstadt and Berger, 2008).   
Both viral systems echo some events suggested during CMG formation and helicase activation 
in eukaryotes. Although the mechanism of helicase loading is radically different, remodelling 
of MCM2-7 within the CMG has been demonstrated in D. melanogaster (Costa et al., 2011), 
and may involve DNA melting and initial unwinding to place DNA in the correct position for 
helicase activity. Moreover, the E1 model accommodates observations that MCM2-7 single 
hexamers may be the active unit at forks (Gambus et al., 2006) and that it functions as a 
classical helicase whereby one strand is excluded from the complex as it passes along DNA 
(Costa et al., 2011; Graham et al., 2011).      
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1.6.4 Mechanism of melting and initial unwinding by MCM2-7 
Hexameric helicases encompassing those from viruses, archaea and eukaryotes have conserved 
structural elements called β-hairpins that contact the DNA. SV40 TAg (Li et al., 2003; Shen et 
al., 2005), Papillomavirus E1 (Enemark and Joshua-Tor, 2006; Schuck and Stenlund, 2005a, 
b), archaeal Mcm and eukaryotic MCM2-7 (Fletcher et al., 2003; Leon et al., 2008; McGeoch 
et al., 2005) all have at least two β-hairpins. The β-hairpins are required for DNA binding and 
helicase activity (Fletcher et al., 2003; Liu et al., 2007; McGeoch et al., 2005; Schuck and 
Stenlund, 2005a, b, 2007; Shen et al., 2005). 
The role of the β-hairpins in melting and initial unwinding is best understood for the E1 
helicase. The β-hairpins of the E1 helicase are responsible for melting and initial unwinding of 
the origin, as they interact directly with the DNA and untwist it in an ATP-dependent manner. 
The E1 double trimer that initially binds dsDNA melts DNA using its β-hairpins. When the 
trimer is remodelled to a hexamer the β-hairpins are responsible for initial unwinding. The 
processes of melting and initial unwinding are carried out by different amino acids in the 
β-hairpins (Liu et al., 2007; Schuck and Stenlund, 2005a). In budding yeast, the β-hairpins of 
MCM2-7 are important for the initiation of replication (Leon et al., 2008), although the exact 
role remains unclear. Nevertheless, it is possible that the β-hairpins of MCM2-7 could perform 
a role in melting and/or initial unwinding during helicase loading in preparation for helicase 
activation, as is the case for E1. 
1.7 Summary and project aims 
The contribution of individual proteins to the initiation of DNA replication is being steadily 
elucidated. However, although it is clear that DNA unwinding is critical for replication, very 
little is understood about DNA unwinding. The timing of initial DNA unwinding is unknown, 
as are the identities of the proteins responsible for it. Furthermore, although the consensus is 
that the active form of the MCM2-7 helicase is contained within the CMG, the mechanism of 
action of the helicase remains undiscovered.  
This project aimed to determine when melting and/or initial DNA unwinding occurs during the 
initiation of replication, using both in vitro and in vivo approaches. In vitro assays were used to 
systematically study DNA unwinding during origin licensing and pre-RC formation and 
subsequently to investigate the role of DNA unwinding in helicase activation and replisome 
formation. In vivo assays were used to investigate DNA unwinding throughout S phase in 
living cells, with the aim of tracking fragile ssDNA inside cells to increase sensitivity and 
monitor unwinding in a physiological setting. 
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2 Materials and methods 
2.1 Materials  
2.1.1 General reagents 
All reagents were of molecular biology grade or higher. All reagents were obtained from 
Sigma Aldrich (Poole, UK) except those listed below. 
Glycine, sodium dodecyl sulphate (SDS), ethylenediaminetetraacetic acid (EDTA) disodium 
salt dehydrate, ethylene glycol tetraacetic acid (EGTA), sodium chloride (NaCl), D(+) glucose 
monohydrate, potassium hydroxide (KOH), sodium hydroxide (NaOH), bidistilled glycerol, 
dimethyl sulfoxide (DMSO) and sodium thiosulphate were from VWR (West Sussex, UK). 
Chloramphenicol, magnesium sulphate (MgSO4), absolute ethanol, acetone, methanol, 
chloroform, formaldehyde (37 % by weight), propan-2-ol, lithium chloride anhydrous, lithium 
acetate dehydrate, potassium permanganate (KMnO4), silver nitrate, iodoacetamide, isopropyl 
β-D-1-thiogalactopyranoside (IPTG), dithiothreitol (DTT), ampicillin disodium salt, 
SuperSignal kit west pico/dura/femto, D(+) galactose, StartingBlock (TBS) Blocking Buffer, 
660 nm protein assay reagent and ionic detergent compatibility reagent (IDCR) were from 
Thermo Fisher Scientific (Leicestershire, UK). Bacto-agar, agarose, SYTOX Green nucleic 
acid stain, 1 kilobase (kb) ladder, Simply Blue SafeStain and Dynabeads MyOne Streptavidin 
TI were from Invitrogen (Paisley, UK). Adenosine-5'-triphosphate (ATP), 
adenosine-5'-O-(3-thio-triphosphate) (ATPγS), DNaseI (recombinant, RNase free), creatine 
kinase, creatine phosphate, bovine serum albumin (BSA) fraction V, hygromycin B, Complete 
protease inhibitor cocktail (+/- EDTA), PhosSTOP cocktail, polymerase chain reaction (PCR) 
nucleotide mix, Taq DNA polymerase, polynucleotide kinase and glycogen were from Roche 
(Burgess Hill, UK). SDS-PAGE standards broad range protein marker and quick start Bradford 
reagent were from BioRad (Hemel Hempstead, UK). Plasmid MaxiPrep, MidiPrep, MiniPrep, 
PCR purification, gel purification and nucleotide removal kits were from Qiagen (Crawley, 
UK). ImmunO yeast lytic enzyme was from MP Biomedicals (Illkirch, France). γ-32P ATP 
(6000 Ci/mmol) was from PerkinElmer (Seer Grenn, UK). Methylenebisacrylamide (2% w/v) 
solution, acrylamide polyacrylamide gel electrophoresis (PAGE) 40 % solution and 
PreScission protease were from GE Healthcare (Amersham, UK). Complete supplement mix, 
amino acid dropout mix (-His/Leu/Trp/Ura), L-histidine, L-leucine, L-tryptophan, yeast 
nitrogen base without amino acids, yeast nitrogen base without amino acids and ammonium 
sulphate, peptone and yeast extract were from ForMedium (Hunstanton, UK). 0.5 mm 
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zirconia/silica beads were from Thistle Scientific (Uddingston, UK). Restriction enzymes, 
Antarctic phosphatase, LongAmp Taq DNA polymerase, Klenow fragment (3’-5’ exo-) 
polymerase and quick ligation kit were from New England Biolabs (NEB) (Hitchin, UK). 
PageRuler Plus Prestained protein marker was from Fermentas (York, UK). PfuUltraII Fusion 
HS DNA polymerase and QuikChange II site-directed mutagenesis kit were from Stratagene 
(Stockport, UK). 4',6-diamidino-2-phenylindole (DAPI) with anti-fade was from Millipore 
(Watford, UK). Sequenase version 2.0 DNA sequencing kit and stop solution (hereafter 
referred to as sequencing gel loading buffer) were from Affymetrix (High Wycombe, UK). 
Long arm photoprobe biotin was from Vector Laboratories (Peterborough, UK). AccuGel 19:1 
(A2-0060) and Protogel (37:5:1) were from Geneflow (Fradley, UK). Dichlordimethylsilan 
was from Merck (Hoddesdon, UK). GoTaq Hot Start Green Master Mix was from Promega 
(Southampton, UK).  
2.1.2 Synthesised DNA fragments 
DNA fragments containing the coding sequences for the following nucleases: P1, P1 v2.0, S1, 
Cel1, NucO, were synthesised by Genscript (Piscataway, USA). For construct organisation and 
DNA sequences see Appendix 1.  
2.1.3 Antibodies 
Anti-cMyc (9E10) and Anti-HA (3F10) antibodies were purchased from Roche (Burgess Hill, 
UK). Anti-FLAG (M2) antibody was purchased from Sigma (Poole, UK).  Anti-Psf3 antibody 
(Gambus et al., 2006) was a generous gift from Karim Labib (Paterson Institute, Manchester, 
UK). Anti-Cdc9 antibody was a kind gift from Alan Tomkinson (University of Maryland, MD, 
USA). Peptide antibodies against Dpb11, Mcm10, Sld5, Sld2, Sld3, Cdc45 and Rfa1 were 
raised in rabbits by Genscript (Piscataway, USA). Peptides used can be found in Appendix 2.  
Goat anti-mouse IgG (whole molecule) – peroxidase was from Sigma (Poole, UK). Donkey 
anti-goat IgG-HRP (sc2020) was from Insight Biotechnology Ltd (Wembley, UK). Rabbit 
anti-rat IgG (HRP) (ab6734) and donkey polyclonal anti-sheep (HRP) (ab6900) were from 
Abcam (Cambridge, UK).  
2.1.4 Cells 
Library efficiency DH5α competent cells, Sf9 and High Five (serum free media adapted) insect 
cells were purchased from Invitrogen (Paisley, UK). ArticExpress (DE3) RIL and BL21 
Codon+ RIL/ (DE3) RIL competent cells were purchased from Stratagene (Stockport, UK). 
Rosetta-gami 2 competent cell set was purchased from Novagen (Nottingham, UK). WM2121 
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E. coli for expression of DnaA were a gift from the Messer lab (Max-Planck Institute of 
Molecular Genetics, Berlin, Germany). 
2.1.5 Yeast Strains 
AS499 and S288C wild-type yeast strains were a gift from Luis Aragon (Clinical Sciences 
Centre, London, UK). The Cdc9-1, Cdc9-2 and W4 strains were a gift from Anja-Katrin 
Bielinsky (University of Minnesota, MN, USA). The Cdc7-4 strain was a gift from Michael 
Weinreich (Van Andel Research Institute, MI, USA).  
Several strains were constructed during this study and are listed in Appendix 3. 
2.1.6 Viruses 
Baculoviruses for the expression of ORC (three constructs: Orc1/6, Orc2/5 and Orc3/4) were a 
gift from Bruce Stillman (CSHL, NY, USA).  
2.1.7 Chromatography resins and columns 
All columns and resins were from GE Healthcare (Amersham, UK) except those stated below. 
EZview Red anti-HA affinity gel and Glutathione agarose were from Sigma-Aldrich Company 
Ltd. (Poole, UK). Amylose resin was from New England Biolabs (Hitchin, UK).  
2.1.8 DNA constructs 
pGEX-6P-1 was purchased from GE Healthcare (Amersham, UK). pESC yeast epitope tagging 
vectors (-Ura/-Trp/-Leu/-His) were purchased from Stratagene (Stockport, UK). pSUMO (T7, 
Amp) vector was purchased from Lifesensors (Malvern, USA).  Small epitope linker modules 
for PCR-based C-terminal tagging were obtained from Addgene (Cambridge, MA, USA). 
pET15b was purchased from Novagen (Nottingham, UK). 
The constructs used as DNA substrates were pUC19-ARS1 and pOC170 (Roth and Messer, 
1995). pUC19-ARS1 was constructed during this study (see below) and pOC170 containing the 
bacterial origin oriC  (Roth and Messer, 1995) was a gift from the Messer lab (Max-Planck 
Institute of Molecular Genetics, Berlin, Germany). 
Constructs produced by the group and used for protein expression and purification were as 
follows. MCM10 was cloned into pSUMO to produce an N-terminal His-tagged fusion protein 
on expression. CDC6, CDT1, SLD2 and DPB11 were cloned into pGEX-6P-1 to produce 
N-terminal glutathione S-transferase (GST) fusion proteins. SLD3, plus a cassette consisting of 
a maltose-binding protein (MBP) tag, PreScission protease site and a c-Myc-tag, were cloned 
into pESC-His to produce an MBP-protease site-c-Myc-Sld3 fusion protein. MCM2 and 
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MCM7 were cloned into pESC-Leu, MCM6 and MCM4 were cloned into pESC-Trp and 
HA-MCM3 and MCM5 were cloned into pESC-Ura. A polycistronic construct consisting of 
PSF2, SLD5, PSF1 and PSF3 was cloned into pET15b to produce an N-terminal His-tagged 
Psf2 fusion protein and untagged Sld5, Psf1 and Psf3 on expression.  
The pDnaA116 plasmid for expression of DnaA was a gift from the Messer lab (Max-Planck 
Institute of Molecular Genetics, Berlin, Germany). The plasmid for expression of Rad53-KD 
was a gift from O. Aparicio (University of Southern California, CA, USA) (Szyjka et al., 
2008).   
Constructs produced during this study were as follows. pUC19-ARS1 was produced by 
subcloning ARS1 from pARS1-WTA (a gift from B. Stillman, CSHL, NY, USA) into pUC19. 
The HU gene was isolated from bacterial genomic DNA by PCR and cloned into pET15b to 
produce a His6-HU fusion protein on expression. The nuclease P1 coding sequence plus an 
N-terminal SV40 nuclear localisation signal (NLS) and C-terminal FLAG-tag was cloned into 
pESC-His in either one or both of the multiple cloning sites (MCS). Nuclease P1, nuclease S1, 
Cel1 and NucO DNA cassettes containing the coding sequences with two C-terminal copies of 
the SV40 NLS and a FLAG-tag were cloned individually into pESC-His. S-CDK (Clb5/Cdc28) 
and DDK (Dbf4/Cdc7) constructs were produced by modifying existing constructs produced 
within the group. Both existing constructs had an N-terminal-tag consisting of MBP, a 
PreScission protease site and a Myc-tag on Dbf4 or Clb5 and an N-terminal FLAG-tag on 
Cdc28 or Cdc7. The myc and FLAG-tags were removed by site-directed mutagenesis using the 
Stratagene QuikChange II kit to produce Dbf4 and Clb5 with cleavable N-terminal MBP-tags 
and untagged Cdc7 and Cdc28. The S-CDK construct was produced in pESC-Leu and the 
DDK construct in pESC-Trp. 
Plasmids produced during this project or received from external sources are listed in Appendix 
4. 
2.2 Methods 
2.2.1 Cloning 
PCR was performed using the Pfu Ultra PCR system, vector dephosphorylation was completed 
with Antarctic Phosphatase and ligation reactions were carried out using the NEB quick 
ligation kit. PCR products and digested DNA were purified using Qiagen PCR purification or 
QIAquick gel extraction kits.  
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2.2.2 Agarose gel electrophoresis 
DNA samples were diluted in Orange G sample buffer (0.1 % (w/v) Orange G, 50 % (v/v) 
glycerol) and analysed by electrophoresis at 120 V for 30 min in a 0.8 % agarose gel. Bands 
were visualised by UV exposure on a BioRad Gel Doc.  
2.2.3 Bacterial transformations and culture 
Competent DH5α (for routine cloning), BL21 Codon+  RIL or BL21 Codon+ (DE3) RIL (for 
protein expression) were thawed on ice. Cells were mixed gently with DNA, incubated 30 min 
on ice, heat shocked 90 sec at 42 °C, diluted with LB and allowed recover for 30-60 min at 
37 °C 1400 rpm before plating on to the appropriate selective medium.  
For protein expression a single colony was grown in 5 ml Terrific Broth (TB) (1.2 % (w/v) 
tryptone, 2.4 % (w/v) yeast extract, 0.4 % (v/v)  glycerol, pH 7.2), the culture was expanded 
until there was sufficient volume to dilute the pre-culture 1/10 into the required culture volume. 
Cells were grown at 37 °C to an optical density at 600 nM (OD600) of 1.6, at which point they 
were incubated on ice with shaking for 15 min. IPTG was added to a final concentration of 
0.5 mM and the cells grown for 5 h at 14 °C. Cells were harvested by centrifugation and stored 
at -80 °C until cell lysis.  
2.2.4 Plasmid DNA purification 
Plasmid DNA was purified from 5 ml or 250 ml bacterial cultures using Qiagen MiniPrep, 
MidiPrep or MaxiPrep kits following the manufacturer’s instructions. Briefly, cells were 
pelleted by centrifugation at 4 °C and then re-suspended in lysis buffer and lysed. Proteins and 
genomic DNA were precipitated using the buffers supplied in the kit. The lysate was cleared by 
centrifugation (MiniPrep) or by filtration (Midi and MaxiPrep), passed through the appropriate 
column and washed. DNA was eluted and analysed (MiniPrep) or eluted and precipitated with 
isopropanol (Midi and MaxiPrep). Precipitated DNA was applied to a membrane, washed with 
70 % (v/v) ethanol and then eluted and analysed. DNA concentration was measured using the 
Nanodrop ND-1000 spectrophotometer. Sequencing was performed by the genomics core 
facility at the MRC Clinical Sciences Centre.  
2.2.5 Yeast cell culture 
S. cerevisiae (AS499, unless otherwise stated) were grown in YPD medium (1.6 % (w/v) 
tryptone, 1 % (w/v) yeast extract, 0.5 % (w/v) sodium chloride, 0.2 %(w/v)  glucose) and plated 
on to YPD plates (YPD medium with 2 % bacto-agar). Transformed yeast were grown on 
synthetic compete drop out (SC) plates (0.69 % (w/v) yeast nitrogen base, 0.06 % (w/v) 
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complete supplement mix, 2 % (w/v) glucose or galactose, 2 % (w/v) bacto-agar) and cultured 
in synthetic complete drop out (SCGL) medium (0.69 % (w/v) nitrogen base, 0.06 % (w/v) 
supplement mix, 0.1 % (w/v) glucose, 3 % (w/v) glycerol, 2 % (w/v) lactic acid, pH 5.5-6 with 
15 ml NaOH/l). All strains were grown at 30 °C with the exception of temperature-sensitive 
(ts) strains, which were grown at 25 °C under permissive conditions or 35-37 °C under 
restrictive conditions.   
For protein expression cells were grown in SCGL medium overnight then supplemented with 
an equal volume of rich media (1 % (w/v) yeast extract, 2 % (w/v) peptone, 0.2 % (w/v) 
glucose, 3 % (w/v) glycerol, 2 % (w/v) lactic acid, pH 5.5-6 with 15 ml NaOH/l) the following 
morning. After 3 h, protein expression was induced by the addition of  2 % (w/v) galactose for 
3 h. Cells were pelleted by centrifugation and washed with lysis buffer before being pelleted 
again. The resulting pellet was re-suspended in 0.5 pellet volumes of lysis buffer. The cell 
suspension was dropped slowly into liquid nitrogen to produce small pellets termed ‘popcorn’, 
which was stored at -80 °C until lysis.  
Cdc7-4 (Cdc45-6HA, RAD53KD) cells cultivated for producing S phase extracts used in the 
pre-IC formation assay were grown at the permissive temperature (25 °C) in SCGL medium 
overnight then supplemented with an equal volume of rich media (1 % (w/v) yeast extract, 2 % 
(w/v) peptone, 0.2 % (w/v) glucose, 3 % (w/v) glycerol, 2 % (w/v) lactic acid, pH 5.5-6 with 15 
ml NaOH/l) the following morning. After 3 h, expression of Rad53-KD was induced by the 
addition of 2 % (w/v) galactose for 3 h. During this time cells were also supplemented three 
times with 5 µg/l α factor to arrest them in G1. Cells were then switched to the restrictive 
temperature (37 °C), by centrifuging and re-suspending in media pre-warmed to 37 °C. Cells 
were grown for 50 min in the presence of 2 % (w/v) galactose then harvested by centrifugation, 
re-suspended in 0.1 pellet volume of lysis buffer (100 mM HEPES-KOH pH 7.5, 10 % (v/v) 
glycerol, 0.1 % (v/v) Triton X-100, 2 mM EDTA, 5 mM EGTA, 300 mM potassium glutamate, 
2.5 mM DTT) and stored as ‘popcorn’. Where wild-type Rad53 was required no galactose was 
added to the culture. G1 extracts were produced by growing as described above except that 
after 3 h growth with rich media 5 µg/l of α factor was added three times over 3 h. For G2 
extracts α factor was replaced with 50 mg/l nocodazole, with an additional 25 mg/l added at 
1.5 h intervals during the arrest.  
2.2.6 Yeast cell lysis 
Cells were lysed using a SPEX SamplePrep 6870 freezer mill (Spex Certiprep, Stanmore, UK). 
50 g of popcorn was supplemented with 4x complete protease inhibitor cocktail tablets 
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(-EDTA) and milled by executing 45 cycles of 2 min pre-cool, 1 min grinding at 15 cycles per 
second (cps) and 2 min cooling. The resulting powder was thawed at 4 °C for 1 h, mixed with 
1 powder volume of buffer (buffer used was protein dependent and was equivalent to the 
binding buffer used in the first purification step) and incubated on a rotating wheel at 4 °C for 
2 h. The extracts were then centrifuged at 28 000 g for 1 h, the supernatant was collected and 
stored at -80 °C for up to 3 days prior to purification.  
Where extract was required for pre-IC formation assays the above protocol was modified as 
follows. 5 g of popcorn was supplemented with 8x complete protease inhibitor cocktails tablets 
(-EDTA) and 10 % (w/v) ammonium sulphate, freezer milled, mixed with 1/10 powder volume 
of buffer, thawed for 30 min, mixed with another 1/10 powder volume of buffer and then 
extracted as above. Extracts were desalted using PD SpinTrap G25 desalting columns (GE 
Healthcare, Amersham, UK) immediately prior to use.  
2.2.7 Yeast transformation 
For single plasmid transformations frozen competent cells were prepared as described in (Knop 
et al., 1999). Briefly, exponentially growing cells were pelleted, washed with water and then 
lithium acetate containing buffer (SORB) and pelleted again. Cells were re-suspended in 
SORB, supplemented with single stranded carrier DNA, aliquoted and stored at -80 °C until 
required.  
For transformation, frozen competent cells were thawed on ice, mixed with polyethylene glycol 
(PEG) and plasmid DNA, incubated at room temperature (RT) for 30 min, mixed with DMSO, 
heat shocked at 42 °C for 15 min, pelleted, re-suspended in sterile water and plated on to the 
appropriate selective medium.  
Transformation of multiple plasmids or temperature-sensitive (ts)-strains was achieved by high 
efficiency transformation as described in Amberg et al. (2005). Briefly, exponentially growing 
cells were pelleted, washed with water, lithium acetate and pelleted again. Cell pellets were 
covered with PEG, lithium acetate, single stranded carrier DNA, plasmid DNA and mixed 
thoroughly. For wild-type strains transformation mixtures were incubated 30 min at 30 °C and 
20 min at 42 °C, this step was replaced with 1 h incubation at RT for ts-strains. Finally cells 
were pelleted and re-suspended in sterile water before plating on to the appropriate selective 
medium. 
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2.2.8 Western blotting 
Samples for SDS-PAGE were denatured for 5 min at 95 °C in sample buffer (100 mM 
Tris-HCl pH 6.9, 40 % (w/v) glycerol, 100 mM DTT, 6 % (w/v) SDS, 0.02 % (w/v) 
bromophenol blue) before loading on to the appropriate percentage (7.5-15 %) polyacrylamide 
gel and run for 35-50 min at 250 V at 4 °C in Tris-Glycine buffer (3 % (w/v) Tris, 14 % (w/v) 
glycine, 1 % (w/v) SDS). Proteins were transferred to nitrocellulose membrane in transfer 
buffer (6 mM sodium bicarbonate, 4 mM sodium carbonate, 20 % (v/v) methanol, pH 9.5) at 
500 mA for 1 h 10 min at 4 °C. Membranes were stained with 1 x ponceau S solution 
(1 % (w/v) ponceau S, 1 % (v/v) acetic acid) and destained in 0.1 % (v/v) acetic acid before 
blocking in the appropriate block for 1 h at RT. Blocks used were 5 % (w/v) milk  in TBS-T 
(25 mM Tris-HCl pH 7.4, 140 mM NaCl, 3 mM potassium chloride, 0.05 %  (v/v) Tween 20), 
5 % (w/v) BSA in TBS-T or StartingBlock (TBS) Blocking Buffer. Primary antibodies were 
diluted in blocking agent and incubated for 1 h at RT. Membranes were subjected to three 
5 min washes with TBS-T and then incubated with HRP-conjugated secondary antibody 
diluted in 5 % (w/v) milk for 1 h at RT. Membranes were washed again as before and detection 
was carried out using enhanced chemiluminescence. For semi-quantitative blots 
chemiluminescence was detected using the ImageQuant LAS 4000 Mini imaging system. 
2.2.9 Western blot stripping 
After immunodetection blots were washed twice for 10 min in TBS-T. Membranes were 
stripped in stripping buffer (100 mM β-mercaptoethanol, 2% (w/v) SDS, 62.5 mM Tris-HCl, 
pH 6.7) for 30 min at 70 °C, with occasional agitation. Blots were washed three times for 
10 min in TBS-T and then blocked with the appropriate blocking agent. 
2.2.10 Ultra-violent cross-linking of biotin to plasmid DNA  
Biotin was covalently coupled to pUC19-ARS1 plasmid by exposure to ultraviolet light (UV), 
using the Vector Laboratories Long Arm Photoprobe Biotin kit, as described in the 
supplementary methods of Evrin et al. (2009). In short, plasmid was mixed with photoprobe, 
exposed to UV, purified with sec-butanol and precipitated with ethanol. The DNA was not 
frozen prior to immobilisation on streptavidin beads.  
2.2.11 Generation of linear biotinylated DNA fragments 
5 kilobase (kb) fragments with a biotin at each end were generated by carrying out 45 cycles of 
PCR on S288C yeast genomic DNA with 5' biotin labelled primers using the NEB LongAmp 
Taq PCR system. Reactions from one 96-well plate were purified over three Qiagen PCR 
purification kit columns, according to the manufacturer’s instructions and then immobilised on 
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streptavidin beads. The primers designed in this study and used to generate these fragments are 
listed in Appendix 5.  
2.2.12 Immobilisation of biotinylated DNA on streptavidin beads 
Immobilisation of biotinylated DNA was carried out as described in the supplementary 
methods of Evrin et al. (2009), except that 10 µg of DNA was incubated with 40 µl of 
Dynabeads MyOne Streptavidin TI for 48-72 h.  
2.2.13 Staining proteins in polyacrylamide gels  
Following electrophoresis, gels were stained by one of three methods, Coomassie Brilliant 
Blue, Colloidal Blue or Silver staining.  
 
For Coomassie staining, gels were immersed in Coomassie Brilliant Blue (0.25 % (w/v) 
Coomassie Brilliant Blue, 45 % (v/v) methanol, 10 % (v/v) glacial acetic acid) heated for 30 sec 
to 1 min in a microwave at full power, incubated for 10 min at RT  and then destained (5 % 
(v/v) methanol, 7.5 % (v/v) glacial acetic acid) by heating 30 sec to 1 min in a microwave on 
full power and then incubation at RT until destained as required.  
 
For Colloidal Blue staining, Simply Blue SafeStain was used according to the manufacturer’s 
instructions (microwave method), including all optional steps.  
 
Where silver staining was required, proteins were fixed in the gel by incubating in fixing 
solution (40 % (v/v) methanol, 13.5 % (v/v) formaldehyde) for up to 24 h. Gels were washed 
with water and then 0.02 % (w/v) sodium thiosulphate before staining with 0.1 % (w/v) silver 
nitrate. Bands were revealed with developing buffer (3 % (w/v) sodium carbonate, 0.05 % (v/v) 
formaldehyde, 0.0004 % (w/v) sodium thiosulphate). The reaction was stopped with 3 % (w/v) 
citric acid. 
2.2.14 ORC purification 
ORC was purified as in (Klemm et al., 1997). Briefly, baculoviruses were amplified in Sf9 
cells and then virus containing culture supernatant was filtered, titred and used to infect High 
Five cells for 48 h. Infected High Five cells were harvested and nuclear extracts prepared. Cells 
were spun down, washed in hypotonic buffer, homogenised and centrifuged. The nuclei 
containing pellet was re-suspended, homogenised, precipitated with 12.5 % ammonium 
sulphate and centrifuged. The ORC-containing supernatant was supplemented with 45 % 
ammonium sulphate to precipitate ORC. The mixture was centrifuged and the resulting 
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ORC-containing pellet was stored at -80 °C for up to several months. Insect cell culture was 
predominantly carried out by another member of the group. 
On the day of purification ORC pellets were thawed, re-suspended and centrifuged. The 
supernatant was applied to an SP sepharose FF column (1.6 cm internal diameter x 11 cm 
height) using an ÄKTA purifier, ORC was eluted with a potassium chloride gradient ranging 
from 200-600 mM. ORC containing fractions were pooled, diluted, centrifuged and the 
supernatant loaded on to a MonoQ (5/50 GL) column. ORC was eluted with a KCl gradient 
from 200-500 mM KCl. Fractions containing the complete ORC complex were pooled, diluted 
and concentrated by overnight binding to SP sepharose FF in batch mode. ORC was eluted and 
applied to a Superdex 200 (16/60) gel filtration column. Fractions containing the complex 
ORC complex were pooled and concentrated by binding to SP sepharose FF overnight in batch 
mode. ORC was eluted, supplemented with 10 % (v/v) glycerol and stored at -80 °C.  
2.2.15  Cdc6 purification 
Cdc6 was purified as in (Speck et al., 2005), by another group member. Briefly, BL21 Codon+ 
E. coli cells over-expressing GST-Cdc6 were lysed by sonication and the fusion protein was 
bound to glutathione-agarose in batch mode. The protein was eluted by cleavage of the GST-
tag via the addition of PreScission protease. The resulting eluate was diluted and bound to 
hydroxyapatite beads in batch mode. Cdc6 was eluted with 400 mM potassium glutamate. Peak 
fractions were pooled and stored at -80 °C.   
2.2.16 Cdt1 purification 
Cdt1 was purified as in (Evrin et al., 2009), by another group member. Briefly, BL21 Codon+ 
E. coli cells over-expressing GST-Cdt1 were lysed by sonication and the fusion protein was 
bound to glutathione-agarose in batch mode. The protein was eluted by cleavage of the GST-
tag via the addition of PreScission protease. The resulting eluate was diluted and bound to SP 
sepharose FF in batch mode. Cdt1 was eluted with 250 mM NaCl and applied to a Sephacryl 
200 (16/60) gel filtration column. Peak fractions were pooled, concentrated using an Amicon 
Ultra centrifugal filter unit (Millipore, Watford, UK) and stored at -80 °C.   
2.2.17 MCM2-7 purification 
MCM2-7 was purified as in Evrin et al. (2009). Briefly, AS499 yeast cells over-expressing 
each Mcm subunit were lysed by freezer milling (Section 2.2.6) and the resulting extract 
incubated with anti-haemagglutinin (HA) affinity beads in batch mode. MCM2-7 was eluted by 
addition of HA peptide, concentrated using an Amicon Ultra centrifugal filter unit and applied 
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to a Superdex 200 (16/60) gel filtration column. Peak fractions were pooled, supplemented 
with 5 mM ATP, concentrated using an Amicon Ultra centrifugal filter unit and stored at 
-80 °C.  
2.2.18 DnaA purification 
DnaA was purified as described in Schaper and Messer (1995).  Briefly, WM2121 cells 
over-expressing DnaA were lysed by sonication, DnaA was precipitated with ammonium 
sulphate and centrifuged. The DnaA-containing pellet was re-suspended, desalted using a 
PD10 column and applied to a MonoS (5/50 GL) column. DnaA was eluted with a gradient 
from 100 mM-1 M potassium glutamate in HEPES-KOH pH 8.0. DnaA-containing fractions 
were pooled, supplemented with ATP and sucrose and stored at -80 °C. 
2.2.19 HU purification 
His6-HU was purified as described in Pellegrini et al. (2000), with modifications. Protein was 
eluted by high salt instead of a pH gradient and was not buffer exchanged before storage. In 
summary, BL21 (DE3) pLysS E. coli cells overexpressing His6-HU were lysed by sonication 
and the fusion protein bound to a HisTrapFF crude column (1 ml). Bound protein was washed 
four times and eluted with 50 mM sodium acetate pH 4.0, 1 M NaCl. His6-HU was stored at 
-80 °C until required.  
2.2.20 Sld2 purification 
Sld2 purification was based on a method developed by another group member. All steps were 
performed at 4 °C. BL21 Codon+ (RIL) E. coli cells overexpressing GST-Sld2 were grown as 
described in section 2.2.3. The resulting cell pellets were thawed, re-suspended in sonication 
buffer (50 mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) pH 6.5, 500 mM 
ammonium sulphate, 5 mM DTT, 10 % glycerol (v/v), 1 % Triton X-100 (v/v)), supplemented 
with 2x Complete protease inhibitor cocktail (-EDTA) and lysozyme (final concentration 
1 mg/ml). Cells were lysed by sonication, centrifuged at 40 000 g, the supernatant applied to 
Glutathione sepharose FF beads in batch mode and incubated on a rotating wheel for 2 h. 
Bound Sld2 was rinsed twice with wash buffer (sonication buffer supplemented with 1x 
Complete protease inhibitor cocktail), once with cleavage buffer (sonication buffer 
supplemented with 10 mM MgCl2 and 2 mM ATP) and then washed twice with cleavage 
buffer for 10 min on a rotating wheel. The protein was eluted by cleavage of the GST-tag via 
the addition of PreScission protease. The resulting eluate was diluted 1:1 with dilution buffer 
(50 mM PIPES pH 6.5, 5 mM DTT, 10 % glycerol (v/v), 1 % Triton X-100 (v/v), 10 mM 
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MgCl2) and bound to SP sepharose FF in batch mode on a rotating wheel for 30 min. Sld2 was 
eluted with sonication buffer and stored at -80 °C. 
2.2.21 Sld3 purification 
Sld3 was purified according to a method developed by another group member. All steps were 
carried out at 4 °C. AS499 yeast overexpressing MBP-Myc-Sld3 were grown as described in 
section 2.2.5 and lysed as described in section 2.2.6. The resulting extract was incubated with 
amylose resin pre-equilibrated with binding buffer (50 mM HEPES-NaOH  pH 8.1, 500 mM 
NaCl, 10 % (v/v) glycerol, 0.1 % (v/v) NP40, 1 mM DTT), supplemented with 4x Complete 
protease inhibitor cocktail (-EDTA), in batch mode for 2 h. Bound Sld3 was rinsed then 
washed twice for 10 min on a rotating wheel with binding buffer. Myc-Sld3 was eluted from 
the beads by removing the MBP-tag via the addition of PreScission protease for 2 h on a 
rotating wheel. The resulting eluate was diluted 1:4 with dilution buffer (50 mM 
HEPES-NaOH pH 8.1, 10 % (v/v) glycerol, 0.1 % (v/v) NP40, 1 mM DTT) and bound 
overnight to SP sepharose FF in batch mode overnight. Myc-Sld3 was eluted with elution 
buffer (50 mM HEPES-NaOH pH 8.1, 1 M NaCl, 10 % (v/v) glycerol, 0.1 % (v/v) NP40, 1 mM 
DTT) and stored at -80 °C.  
2.2.22 Dpb11 purification 
Dpb11 was purified according to a method developed by another group member. All steps 
were performed at 4 °C. BL21 Codon+ (RIL) E. coli cells overexpressing GST-Dpb11 were 
grown as described in section 2.2.3. The resulting cell pellets were thawed, re-suspended in 
sonication buffer (50 mM PIPES pH 6.5, 100 mM NaCl, 3 mM DTT, 10 % (v/v) glycerol, 1 % 
(v/v) Triton X-100), supplemented with 2x Complete protease inhibitor cocktail (-EDTA) and 
lysozyme (final concentration 1 mg/ml). Cells were lysed by sonication, slowly mixed with 
ammonium sulphate (final concentration 250 mM), then polyethyleneimine (PEI) (final 
concentration 0.45 % (v/v)) to precipitate DNA and centrifuged at 40 000 g for 45 min. The 
Dpb11-containing supernatant was supplemented with 45 % ammonium sulphate to precipitate 
Dpb11, centrifuged at 40 000 g for 45 min and the resulting pellet stored at -80 °C for up to 
several months. 
On the day of purification pellets were dissolved in re-suspension buffer (50 mm PIPES pH 
6.5, 200 mM NaCl, 100 mM MgCl2, 2 mM ATP, 1 % (v/v) Triton X-100, 3 mM DTT, 10 % 
(v/v) glycerol), supplemented with 2x Complete protease inhibitor cocktail (-EDTA) and bound 
to Glutathione agarose beads for 2 h in batch mode. Bound GST-Dpb11 was rinsed and then 
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washed twice for 10 min with re-suspension buffer, supplemented with 2x Complete protease 
inhibitor cocktail, followed by a rinse and 5 min wash with cleavage buffer (50 mm PIPES 
pH 6.5, 200 mM NaCl, 100 mM MgCl2, 2 mM ATP, 0.1 % (v/v) Triton X-100 , 3 mM DTT, 
10 % (v/v) glycerol). The protein was eluted by cleavage of the GST-tag via the addition of 
PreScission protease overnight. The resulting eluate was diluted 1:1 with dilution buffer 
(50 mM PIPES pH 6.5, 5 mM DTT, 10 mM MgCl2, 10 % (v/v) glycerol, 0.1 % (v/v) Triton 
X-100) and incubated with SP sepharose FF for 2 h and eluted with elution buffer (50 mM 
PIPES pH 6.5, 500 mM NaCl, 5 mM DTT, 10 mM MgCl2, 10 % (v/v) glycerol, 0.1 % (v/v) 
Triton X-100). Dpb11 was stored at -80 °C until required.  
2.2.23  GINS purification 
GINS purification was carried out by another group member and based on a published protocol 
(Boskovic et al., 2007). All steps were carried out at 4 °C and all column steps were carried out 
on an ÄKTA Explorer. BL21 Codon+ (RIL) E. coli cells overexpressing each GINS subunit 
were grown as described in section 2.2.3. The resulting cell pellets were thawed, re-suspended 
in sonication buffer (25 mM sodium phosphate pH 7.4, 300  mM NaCl, 7 mM 
β-mercaptoethanol, 25 mM imidazole), supplemented with 2x Complete protease inhibitor 
cocktail (-EDTA) and lysozyme (final concentration 1 mg/ml). Cells were lysed by sonication 
and centrifuged at 40 000 g for 30 min. The GINS-containing supernatant was applied to a 
1 ml HisTrapFF Crude column equilibrated with sonication buffer, washed with 20 column 
volumes (CV) of sonication buffer and eluted with 5 CV of elution buffer (25 mM sodium 
phosphate pH 7.4, 300  mM NaCl, 7 mM β-mercaptoethanol, 500 mM imidazole). Fractions 
containing GINS were diluted 1/10 to reduce the salt and imidazole concentration and applied 
to a MonoQ (5/50 GL) column. For MonoQ chromatography the Explorer was prepared with a 
buffer on each pump, buffer A (25 mM sodium phosphate pH 7.4, 7 mM β-mercaptoethanol) 
on pump A and buffer B (25 mM sodium phosphate pH 7.6, 1.0 M NaCl, 7 mM 
β-mercaptoethanol) on pump B. Buffer A was mixed with varying amounts of buffer B 
throughout the purification to control the salt concentration. The column was equilibrated with 
5 % buffer B (50 mM NaCl). Bound GINS was washed with 5 % buffer B (50 mM NaCl) for 
5 CV then eluted with a gradient from 5-50 % B (50-500 mM NaCl) over 40 CV. 
GINS-containing fractions were pooled and applied to a Superdex 200 (16/60) gel filtration 
column equilibrated with gel filtration buffer (25 mM sodium phosphate H 7.4, 150 mM NaCl, 
7 mM β-mercaptoethanol). GINS-containing fractions were concentrated using an Amicon 
Ultra centrifugal filter unit and stored at -80 °C. 
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2.2.24 Mcm10 purification 
Mcm10 purification was developed during this study. BL21 Codon+ (RIL DE3) E. coli cells 
overexpressing His6-SUMO-Mcm10 were grown as described in section 2.2.3. The resulting 
cell pellets were thawed, re-suspended in sonication buffer (50 mM sodium phosphate pH 7.6, 
300 mM NaCl, 7 mM β-mercaptoethanol, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100), 
supplemented with 2x Complete protease inhibitor cocktail (-EDTA) and lysozyme (final 
concentration 1 mg/ml). Cells were lysed by sonication, slowly mixed with ammonium 
sulphate (final concentration 250 mM), then PEI (final concentration 0.45 % (v/v)) to 
precipitate DNA and centrifuged at 40 000 g for 45 min. The Mcm10-containing supernatant 
was supplemented with 45 % ammonium sulphate to precipitate Mcm10, centrifuged at 40 000 
g for 45 min and the resulting pellet stored at -80 °C for up to several months. 
On the day of purification the ammonium sulphate pellet was dissolved in re-suspension buffer 
(50 mM sodium phosphate pH 7.6, 300 mM NaCl, 7 mM β-mercaptoethanol, 10 % (v/v) 
glycerol, 0.1 % (v/v) Triton X-100, 10 mM imidazole, 6 mM MgCl2, 2 mM ATP), 
supplemented with 2x complete protease inhibitor cocktail (-EDTA) and applied to two 
HisTrap Crude FF columns (1 ml) connected in series on an ÄKTA Explorer. The Explorer 
was prepared with a buffer on each pump, buffer A (50 mM sodium phosphate pH 7.6, 
300 mM NaCl, 7 mM β-mercaptoethanol, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100) on 
pump A and buffer B (50 mM sodium phosphate pH 7.6, 300 mM NaCl, 
7 mM β-mercaptoethanol, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 500 mM imidazole) 
on pump B. Buffer A was mixed with varying amounts of buffer B throughout the purification 
to control the imidazole concentration. The column was equilibrated with 2 % buffer B (10 
mM imidazole). Bound His6-SUMO-Mcm10 was washed with 5 % buffer B (25 mM 
imidazole) and then eluted with 50 % B (250 mM imidazole). His6-SUMO-Mcm10 containing 
fractions were pooled and concentrated using an Amicon Ultra centrifugal filter unit. The 
His-SUMO-tag was cleaved off using SUMO protease 2 (7 U enzyme/100 µg Mcm10), 
shaking at 1400 rpm overnight at 4 °C. Cleaved Mcm10 was applied to a Superdex 200 (16/60) 
column. Mcm10 containing fractions were pooled, concentrated as previously and stored at 
-80 °C. 
2.2.25 DDK purification 
DDK was purified using a method developed in collaboration with another group member. All 
steps were performed at 4 °C. Yeast overexpressing MBP-Dbf4/Cdc7 were grown as described 
in section 2.2.5 and lysed as described in section 2.2.6. The resulting extract was incubated 
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with amylose resin pre-equilibrated with binding buffer (50 mM HEPES-KOH pH 7.5, 
400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 % (v/v) glycerol, 0.02 % (v/v) NP40, 1 mM 
DTT), supplemented with 4x Complete protease inhibitor cocktail (-EDTA), 5 mM sodium 
fluoride, 1 mM sodium orthovanadate and 1 mM sodium pyrophosphate in batch mode for 2 h.  
Bound DDK was rinsed with binding buffer, supplemented as above, washed for 10 min with 
wash buffer containing decreasing amounts of NaCl (50 mM HEPES-KOH  pH 7.5, 
1 M/400 mM/200 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 % (v/v) glycerol, 0.02 % (v/v) 
NP40, 1 mM DTT), supplemented with 1x Complete protease inhibitor cocktail (-EDTA), 
5 mM sodium fluoride, 1 mM sodium orthovanadate and 1 mM sodium pyrophosphate. After a 
final wash in wash buffer containing 400 mM NaCl, DDK was rinsed three times with binding 
buffer and the protein eluted by cleaving the MBP-tag via addition of PreScission protease for 
2 h on a rotating wheel. The resulting eluate was incubated with Glutathione agarose for 2 h to 
remove the PreScission protease. The GST flowthrough was collected, concentrated using an 
Amicon Ultra centrifugal filter unit and stored at -80 °C. 
2.2.26 S-CDK purification  
S-CDK (Clb5/Cdc28) was purified using a method developed in collaboration with another 
group member, using the buffer system detailed in Wilmes et al. (2004). All steps were 
performed at 4 °C. Yeast overexpressing MBP-Clb5/Cdc28 were grown as described in section 
2.2.5 and lysed as described in section 2.2.6. The resulting extract was incubated with amylose 
resin pre-equilibrated with binding buffer (12.5 mM HEPES-KOH  pH 7.5, 400 mM KCl, 
2.5 mM Mg acetate, 1 mM EDTA, 1 mM EGTA, 10 % (v/v) glycerol, 0.01 % (v/v) NP40, 
1 mM DTT), supplemented with 4x Complete protease inhibitor cocktail (-EDTA), 5 mM 
sodium fluoride, 1 mM sodium orthovanadate and 1 mM sodium pyrophosphate in batch mode 
for 2 h.  
Bound S-CDK was rinsed with binding buffer, supplemented as above, washed for 10 min with 
salt wash buffer (12.5 mM HEPES-KOH  pH 7.5, 1 M KCl, 2.5 mM Mg acetate, 1 mM EDTA, 
1 mM EGTA, 10 % (v/v) glycerol, 0.01 % (v/v) NP40, 1 mM DTT), supplemented with 1x 
Complete protease inhibitor cocktail (-EDTA), 5 mM sodium fluoride, 1 mM sodium 
orthovanadate and 1 mM sodium pyrophosphate then with binding buffer, supplemented with 
in the same way. S-CDK was rinsed three times with binding buffer and the protein eluted by 
cleaving the MBP-tag via addition of PreScission protease for 2 h on a rotating wheel. The 
resulting eluate was incubated with Glutathione agarose in batch mode for 2 h to remove the 
PreScission protease. The GST flowthrough was collected, diluted 1:3 with dilution buffer 
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(12.5 mM HEPES-KOH, pH 7.5, 2.5 mM Mg acetate, 1 mM EDTA, 1 mM EGTA, 10 % (v/v) 
glycerol, 0.01 % (v/v) NP40, 1 mM DTT) and bound to SP sepharose FF overnight in batch 
mode.  S-CDK was eluted with salt wash buffer and stored at -80 °C. 
2.2.27 In vitro DNaseI treatment  
DNaseI treatment was carried out as described previously (Speck et al., 2005). Protein complex 
formation was carried out in binding buffer (25 mM HEPES-KOH, pH 7.6, 100 mM potassium 
glutamate, 5 mM magnesium acetate, 5 mM calcium chloride, 5 % (v/v) glycerol, 0.32 mg/ml 
BSA, 5 mM DTT, 1 mM ATP). ORC and Cdc6 (pre-incubated ≥ 12 h with ATP) were diluted 
in binding buffer (see figure legends for protein amounts),  incubated 10 min on ice, 5 min at 
30 °C then 3 nM pUC19-ARS1 DNA was added and the mix incubated 15 min at 31 °C. 
DNaseI (0.00002 U) was added for 2 min. Reactions were stopped by the addition of 1 volume 
of stop buffer (1 % (w/v) SDS, 10 mM EDTA, 200 mM NaCl).  
2.2.28 In vitro KMnO4 treatment 
KMnO4 treatment of pOC170 was carried out as described previously (Krause et al., 1997). 
Briefly, DnaA (pre-incubated with 1 mM ATP for ≥ 12 h) and HU were diluted in binding 
buffer (25 mM HEPES-KOH pH 7.6, 10 mM Mg acetate, 50 µg/ml BSA, 5 mM ATP), 
incubated at 37 °C for 5 min, mixed with 8 nM pOC170 DNA and incubated at 37 °C for 
2 min. KMnO4 (8 mM final concentration) was added for 2 min at RT and reactions quenched 
with ß-mercaptoethanol and EDTA. DNA was purified by phenol-chloroform extraction prior 
to primer extension. 
KMnO4 treatment of pUC19-ARS1 used a modified version of the above method (Krause et al., 
1997). Protein complex formation was carried out in binding buffer for all assays carried out in 
Section 3.1 (25 mM HEPES-KOH, pH 7.6, 25-100 mM potassium glutamate, 10 mM 
magnesium acetate, 50 µg/ml BSA, 5 mM ATP). Assays in Section 3.2 used the pre-RC 
assembly assay buffer (50 mM HEPES-KOH, pH 7.6, 25 mM potassium glutamate, 10 mM 
magnesium acetate, 50 µM zinc acetate, 5 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 3 mM 
ATP). ORC, Cdc6 (pre-incubated ≥ 12 h with ATP) and HU were diluted in the binding buffer 
(see figure legends for protein amounts), incubated 10 min on ice, 5 min at 30 °C then 3 nM 
pUC19-ARS1 DNA was added and the mix incubated 15 min at 31 °C. KMnO4 (8 mM final 
concentration) was added for 2 min at RT and reactions quenched with ß-mercaptoethanol and 
EDTA. DNA was purified by phenol-chloroform extraction prior to primer extension. 
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2.2.29 In vitro Nuclease P1 treatment 
For the agarose gel assay nuclease P1 reactions containing ORC and Cdc6 were incubated in 
agarose gel assay buffer (25 mM HEPES-KOH pH 7.6, 8 mM Mg Acetate, 5 % (v/v) glycerol, 
100 mM potassium glutamate, 0.32 mg/ml BSA). For samples analysed by primer extension 
the buffer additionally contained 1 mM ATP and 5 mM DTT. Nuclease P1 reactions for 
DnaA/HU/pOC170 were set up as described in section 2.2.28.  In all assays nuclease P1 was 
added for 25 sec at RT and quenched with stop buffer (2 % (w/v) SDS, 200 mM EDTA) for 2 
min at 65 °C. DNA was purified by phenol-chloroform extraction prior to primer extension. 
2.2.30 Oligo labelling  
Oligos for primer extension were 5′ end-labelled with γ-32P ATP using polynucleotide kinase 
(PNK). 3 µl fresh γ-32P ATP and 10 pmol oligo were mixed with PNK buffer and PNK 
according to the manufacturer’s instructions. Reactions were incubated for 30 min at 37 °C 
then inactivated for 10 min at 95 °C. Unincorporated nucleotides were removed using the 
Qiagen nucleotide clean up kit. Each reaction yielded 6 pmol of γ-32P 5′ end-labelled primer. 
The oligos used for primer extension in this project are listed in Appendix 6. 
2.2.31 Manual DNA sequencing  
Sequencing reactions using the same γ-32P-5'-labelled primer as the samples were carried out 
for each base (Sequenase Version 2.0 Kit; according to manufacturer’s instructions) to allow 
identification of modified bases in the origins of interest. Briefly, template DNA was 
denatured, mixed with reaction buffer and 0.5 pmol γ-32P 5′ end-labelled primer. The primer 
was annealed and Sequenase polymerase added. The annealed DNA mixture was added to 
termination mixtures containing modified nucleosides (',3'-dideoxynucleoside-5'-triphosphates 
(ddNTPs)), incompatible with DNA chain extension. Either ddGTP, ddATP, ddCTP,or ddTTP  
was added depending on the base targeted for sequencing. Reactions were extended for 5 min 
37 °C and stopped with stop solution.  
2.2.32 Primer extension 
Following DNaseI or nuclease P1 treatment, purified DNA was mixed with 160 fmol of γ-32P 
5′ end-labelled primer, digested with 5 U of the appropriate enzyme (XmnI pUC19-ARS1, XhoI 
pOC170) in NEB buffer 2 (50 mM NaCl, 10 mM Tris-HCl pH 7.9, 10 mM MgCl2, 1 mM 
DTT) for 30 min at 37 °C, the enzyme was inactivated and DNA denatured at 95 °C for 5 min. 
Primer was annealed at 52 °C for 5 min and cooled slowly to 35 °C. Deoxyribonucleotide 
triphosphate (dNTP) (5 mM in 5 µl) and 2.5 U Klenow polymerase were added and the primer 
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extended at 37 °C for 10 min. DNA was purified immediately by phenol extraction and 
re-suspended in sequencing gel loading buffer.  
The sodium hydroxide cleavage step was adapted from several published methods (Gille and 
Messer, 1991; Hwang and Kornberg, 1992; Sasse-Dwight and Gralla, 1991; Woelker and 
Messer, 1993). Following KMnO4 treatment, purified DNA was digested with 5 U of the 
appropriate enzyme (XmnI pUC19-ARS1, XhoI pOC170) in NEB buffer 2 for 30 min at 37 °C, 
the enzyme was inactivated and DNA denatured at 95 °C for 5 min. Samples were heated at 
80 °C for 2 min in the presence of 1.14 µM sodium hydroxide, cooled at 4 °C for 5 min, 
neutralised with TMD buffer (50 mM Tris-HCl pH 7.2, 10 mM MgSO4, 0.2 mM DTT). 
160 fmol γ-32P 5′ end-labelled primer was annealed for 5 min at 52 °C and cooled slowly to 
35 °C. dNTP (5 mM in 5 µl) and 2.5 U Klenow polymerase were added and the primer 
extended at 50 °C for 10 min. DNA was purified immediately by phenol extraction and 
re-suspended in sequencing gel loading buffer. 
Primer extension following yeast plasmid extraction was carried out using Taq DNA 
polymerase. 200-400 ng of purified plasmid DNA was mixed with 280 fmol of γ-32P 
5′ end-labelled primer, dNTP and 0.8 U Taq polymerase in the supplied reaction buffer. DNA 
was amplified with 6 or 16 cycles of PCR, purified by phenol extraction and re-suspended in 
sequencing gel loading buffer.  
2.2.33 Sequencing gels 
0.4 mm thickness 6 % urea polyacrylamide gels were pre-run at 1600 V (limited to 65 W) for 
40-60 min before loading and run for up to 3.5 h. Each lane was loaded with 2-2.5 µl of 
sample. After running gels were dried using a BioRad Model 583 gel dryer, exposed to a Fuji 
Bas-MS 3534 imaging plate for up to 14 days and visualised using a Fujifilm FLA-5100 
phosphoimager.  
2.2.34 Endogenous gene epitope tagging 
Endogenous C-terminal tagging of Cdc45 with 6xHA or 3xFLAG-tags was carried out as 
described in (Funakoshi and Hochstrasser, 2009).  Briefly, plasmids pYM3 (Knop et al., 1999)  
and pFA6a–6×GLY–3×FLAG–hphMX4 (Funakoshi and Hochstrasser, 2009) were used as 
PCR templates in combination with generalised primers described in the publication for each 
plasmid. Primers had 3′ Cdc45 gene-specific sequences added. The resulting PCR products 
were used to transform Cdc7-4 haploid yeast, which were grown on the appropriate selective 
medium (SC agar with 0.3 mg/ml hygromycin B for the 3xFLAG construct or SC agar lacking 
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tryptophan for the 6xHA construct). Recombination at the appropriate locus was confirmed by 
colony PCR and protein expression was confirmed by Western blotting for the epitope tag.  
2.2.35 Yeast colony PCR 
Yeast colony PCR was used to confirm recombination of genomic epitope tags at the 
appropriate locus. Colony PCR was carried out using the GoTaq Hot Start Green Master Mix 
Kit. This kit consists of a master mix containing all PCR components and agarose gel loading 
buffer. Colonies were re-suspended in master mix, PCR was carried out according to the 
manufacturer’s instructions and the products loaded on to an agarose gel for electrophoretic 
analysis without prior purification.   
2.2.36 Expression of nuclease P1 for in vivo unwinding assay 
Cdc9-1 yeast transformed with pESC-His-Double-P1 or pESC-His were diluted from an 
overnight pre-culture to OD600 0.8 and mixed with an equal volume of rich medium and 2 % 
(w/v) galactose. Cells were grown at 24 °C for 6 h then arrested in G1 phase by addition of 
5 µg/l α factor four times over 2.5 h. Cells were switched to the restrictive temperature (35 °C) 
by centrifugation and re-suspension in rich medium pre-warmed to 35 °C, growth was 
continued for 1.5 h in the presence of 2 % (w/v) galactose. Cell cycle arrest was completed by 
the addition of 5 µg/l α factor twice during this time. Cells were released into the cell cycle at 
the restrictive temperature by centrifugation and re-suspension in rich medium pre-warmed to 
35 °C and supplemented with 2 % (w/v) galactose. Cells were grown for 2 h and sampled at 
10 min intervals for the first hour and 30 min intervals in the second. Samples were collected 
for analysis by Western blotting for nuclease expression, flow cytometry for cell cycle analysis 
and primer extension to reveal nuclease-mediated cuts indicating the presence of unwound 
DNA. Primer extension was carried out using primers that read though the two micron origin 
on the pESC-His plasmid.        
Samples removed for analysis by primer extension and Western blotting were immediately 
supplemented with 0.1 % (w/v) sodium azide, washed with ice cold water and then ice cold 
20  % (v/v) glycerol to prepare them for storage.  
2.2.37 Expression of nuclease S1 for in vivo unwinding assay 
Cdc9-1 yeast transformed with pESC-His-S1 or pESC-His were diluted from an overnight 
pre-culture to OD600 0.8 and mixed with an equal volume of rich medium and 2 % (w/v) 
galactose. Cells were grown at 24 °C for 3 h then arrested in G1 phase by addition of 5 µg/l α 
factor three times over 1.5 h. Cells were switched to the restrictive temperature (35 °C) by 
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centrifugation and re-suspension in rich medium pre-warmed to 35 °C, growth was continued 
for 1.5 h in the presence of 2 % (w/v) galactose. Cell cycle arrest was completed by the 
addition of 5 µg/l α factor twice during this time. Cells were released into the cell cycle at the 
restrictive temperature by centrifugation and re-suspension in rich medium pre-warmed to 
35 °C and supplemented with 2 % (w/v) galactose. Cells were grown for 2 h and sampled at 
10 min intervals. Samples were collected for analysis by Western blotting for nuclease 
expression, flow cytometry for cell cycle analysis and primer extension to reveal 
nuclease-mediated cuts indicating the presence of unwound DNA. DNA. Primer extension was 
carried out using primers that read though the two micron origin on the pESC-His plasmid.             
Samples removed for analysis by primer extension and Western blotting were immediately 
supplemented with 0.1 % (w/v) sodium azide, washed with ice cold water and then ice cold 
20  % (v/v)  glycerol to prepare them for storage.  
2.2.38 Post-alkaline protein extraction 
Post alkaline extraction was carried out described by Kushnirov (2000). Briefly, 1-8x 10
7
 cells 
were harvested by centrifugation, washed with water, re-suspended in 100 mM sodium 
hydroxide for 5 min at RT, centrifuged at full speed in a microfuge for 30 sec, re-suspended in 
50 µl of sample loading buffer, heated at 95 °C for 5 min, centrifuged again and stored at 
-20 °C until required.  
2.2.39 Protein concentration determination using 660 nm assay 
Following post-alkaline extraction, protein concentration was determined using the 660 nm 
assay system, according to the manufacturer’s instructions (microplate assay). The assay 
reagent was mixed with IDCR and added to samples for 5 min at RT. Absorbance of samples 
at 660 nm was measured on a Spectromax 340pc plate reader and compared to a BSA standard 
curve. 
2.2.40 DNA content analysis by flow cytometry 
The staining method was based that described by Tanaka and Diffley (2002). 2x10
7
 cells were 
spun down at full speed in a microfuge for 1 min, re-suspended in 70 % (v/v) ethanol and fixed 
overnight at 4 °C. Cells were pelleted as before, re-suspended in 50 mM sodium citrate pH 7.0, 
sonicated for 15 sec at 30 % output, pelleted, re-suspended in the same solution, supplemented 
with RNaseA (final concentration 0.25 mg/ml) and incubated for 1 h at 50 °C. Cells were 
pelleted and washed twice with 50 mM sodium citrate pH 7.0. Cells were stained in this 
solution by the addition of 16 µg/ml propidium iodide or 1 µM Sytox Green for 30 min at RT. 
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Cells were stored for up to several days in the dark and diluted 1/20 in 50 mM sodium citrate 
pH 7.0 immediately prior to analysis. Samples were analysed using BD FACS Calibur or LSR 
II instruments.  
2.2.41 Yeast plasmid extraction 
This method was adapted from (Kiseleva et al., 2007; Sheu and Stillman, 2006). 1.6x10
9
 cells 
were re-suspended in alkaline buffer (100 mM PIPES-KOH pH9.4, 10 mM DTT) for 10 min at 
RT, pelleted and re-suspended in spheroplasting buffer (50 mM potassium phosphate pH 7.4, 
0.6 M sorbitol, 10 mM DTT), supplemented with 200 U lyticase at 30 °C. Spheroplast 
formation was monitored by measuring the OD600 of cells in 1 % SDS; spheroplasting was 
complete when the OD600 was ≤ 10 % of the starting OD. Spheroplasts were harvested by 
centrifugation at 1200 rpm, washed with ice cold wash buffer (1 M sorbitol, 50 mM Tris-HCl 
pH 8.0), re-suspended in TELT buffer (50 mM Tris-HCl pH 8.0, 62.5 mM EDTA, 2.5 M 
lithium chloride, 0.4 % (v/v) Triton X-100), supplemented with RNaseA, incubated 5 min RT, 
10 min 65 °C, 5 min 95 °C, 10 min on ice before centrifuging at full speed for 10 min in a 
microfuge. The resulting supernatant was precipitated with isopropanol to concentrate the 
DNA. This material was processed using the Qiagen mini-prep kit, plasmid DNA was eluted in 
50 µl after 10 min incubation and again in 35 µl after 5 min incubation. DNA concentration 
was determined using the Nanodrop ND-1000 spectrophotometer.  
2.2.42 Yeast growth assay 
Strains containing the required plasmids or genomic modifications were grown overnight in the 
appropriate selective medium, and tenfold serial dilutions starting from 10
7
 cells were spotted 
on selective plates in the presence of either  2 % (w/v) glucose or galactose. Plates were 
incubated at 25, 30 or 35 °C for up to 6 days.  
2.2.43 Fluorescence microscopy of unfixed yeast cells expressing a GFP-protein  
Fluorescence microscopy was carried out as described by Clemente-Blanco et al. (2006). 
Briefly, cells were re-suspended in 1 % (v/v) Triton X-100, mixed with DAPI (1 µg/ml final 
concentration), incubated for 3-4 min at RT, centrifuged at 3000 rpm in a microfuge for 10 sec 
and the pellet re-suspended in 2 µl water. Images were collected with a Leica DM IRBE 
microscope, using the 68x objective and OpenLab software (Improvision).   
2.2.44 Kinase assay  
Kinase substrates were incubated with the required kinase(s) in kinase buffer (50 mM 
Tris-HCl, pH 7.5, 10 mM magnesium chloride, 1 mM DTT, 400 µCi/ml γ-32P ATP) or loading 
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assay binding buffer (50 mM HEPES-KOH pH 7.5, 10 mM Mg acetate, 50 µM zinc acetate, 
5 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 100 mM potassium glutamate, 5 mM DTT, 
0.1 mM ATP, 100 µCi/ml γ-32P ATP) for 10 min at 27 °C, mixed with sample buffer, loaded 
on to polyacrylamide gels, silver stained, dried and phosphorylation detected by 
autoradiography.  
Phosphorylation of loaded MCM2-7 with DDK was carried out by another group member as 
follows. The pre-RC was formed as described in Section 2.2.45, with two additional steps; the 
pre-RC was washed with low salt and phosphorylation carried out prior to the DNaseI elution. 
Following the low salt wash the beads were re-suspended in phosphorylation buffer (50 nM 
HEPES-KOH pH 7.5, 5 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 0.1 mM ATP, 5 mM DTT, 
100 µCi/ml γ-32P ATP), supplemented with 0-320 nM purified DDK and incubated at 27 °C for 
15 min at  950 rpm in a thermoshaker. The high salt wash and elution were then performed.  
2.2.45 Pre-RC formation assay 
Pre-RC formation assays were performed as described in Evrin et al. (2009). Briefly, reactions 
containing 40 nM ORC, 80 nM Cdc6 (pre-incubated with 1 mM ATP for ≥ 12 h), 40 nM Cdt1, 
80 nM MCM2-7 were incubated 10 min on ice, 10 min at 24 °C, mixed with 6 nM 
pUC19-ARS1 magnetic beads, incubated 15 min 24 °C, washed with low salt (preserves bound 
and loaded MCM2-7) or high salt (preserves loaded MCM2-7), eluted with DNaseI and 
analysed by silver staining.  
2.2.46 Helicase activation assay 
The pre-RC was formed as described Evrin et al. (2009), except that once the complex was 
formed the following steps were added prior to wash step. The pre-RC was phosphorylated in 
binding buffer binding buffer (50 mM HEPES-KOH pH 7.5, 10 mM Mg acetate, 50 µM zinc 
acetate, 5 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 100 mM potassium glutamate, 5 mM 
DTT, 3 mM ATP) with 80 nM DDK for 10 min at 27 °C shaking at 1000 rpm. The pre-IC was 
formed by addition of 250 µg of S phase extract (cells grown as described in Section 2.2.5, 
lysed and prepared for use as described in Section 2.2.6) supplemented with varying 
combinations of 30 nM purified Myc-Sld3, Mcm10, GINS (His-Psf2), Sld2 or Dpb11 in 
extract buffer (50 mM HEPES-KOH pH 7.5, 15 mM Mg acetate, 50 µM zinc acetate, 5 % (v/v) 
glycerol, 0.1 % (v/v) Triton X-100, 100 mM potassium glutamate, 5 mM DTT, 5 mM ATP, 
5 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM sodium pyrophosphate, 20 mM 
creatine phosphate, 40 µg/ml creatine kinase, 125 µM dNTP, 3x protease inhibitor cocktail 
(-EDTA)) for 15 min at 27 °C shaking at 1000 rpm. Complexes were washed with low salt 
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wash buffer and eluted as described previously. Complexes were analysed by Western blotting 
and mass spectrometry.  
2.2.47 Mass spectrometry 
For analysis of complexes formed in the helicase activation assay, proteins were allowed to 
enter the resolving gel of a NuPAGE 4-12 % Bis-Tris gel run in 1x NuPAGE MES gel running 
buffer using the X-SureLOCK gel apparatus (Invitrogen). Proteins were stained with 
Coomassie Brilliant Blue and the gel deposited with the Clinical Sciences Centre Bimolecular 
Mass Spectrometry and Proteomics Facility. There, sample-containing lanes were cut into one 
slice, digested with trypsin and analysed with an LTQ-Orbitrap mass spectrometer. 
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3 Chapter 3 – DNA unwinding during pre-RC formation 
The work undertaken in this chapter was started prior to the publication of two papers (Evrin et 
al., 2009; Remus et al., 2009) that showed MCM2-7 is loaded on to dsDNA. The rationale 
behind the early experiments will be explained as it was envisaged at the time, with the later 
experiments incorporating the information subsequently discovered about MCM2-7 loading. 
The pre-RC loads the MCM2-7 helicase at origins in G1 ready for activation during S phase. 
Some DNA melting and/or initial unwinding may occur, either in preparation for, or during 
helicase loading. It is long established that budding yeast ORC does not melt origin DNA 
(Klemm et al., 1997). However, it may do so in concert with Cdc6. If ORC∙Cdc6 cannot melt 
DNA then they may do so in combination with Cdt1 and MCM2-7 during the process of 
helicase loading. Work in this chapter investigated both scenarios.  
3.1 DNA unwinding by ORC∙Cdc6 
The initiator proteins from the three domains of life share key structural similarities. Bacterial 
DnaA, archaeal Orc and Cdc6 (hereafter referred to as Orc) and eukaryotic ORC and Cdc6 all 
have a AAA+ ATPase region (reviewed in Giraldo, 2003) and a Winged-Helix-Domain 
(WHD) or Helix-Turn-Helix (HTH) for DNA binding (Gajiwala and Burley, 2000; Giraldo and 
Diaz-Orejas, 2001; Liu et al., 2000; Speck et al., 2005), suggesting similar mechanisms of 
action despite limited sequence similarities.  
In bacteria, the initiator protein DnaA directly mediates initial DNA unwinding. Its actions 
require ATP, nucleoid architectural factors, such as HU, and negatively supercoiled DNA 
(Bramhill and Kornberg, 1988; Hwang and Kornberg, 1992). On binding to the origin, DnaA 
oligomerises and wraps DNA leading to unwinding. The exact mechanism of the unwinding 
remains undetermined, although involvement of both the DNA binding and ATPase domains 
are required and at least one ATP-dependent conformational change is involved (Duderstadt et 
al., 2010).   
In 2007, the Berger (Dueber et al., 2007) and Wigley (Gaudier et al., 2007) groups elucidated 
DNA-Orc co-crystal structures and described Orc-mediated DNA distortion in two different 
species of archaea. In both cases, the bipartite WHD of the Orc proteins enters the major and 
minor grooves of DNA. Multiple Orc-DNA contacts result in a 20-35° distortion of the duplex, 
leading to bending and underwinding of the DNA without breaking the hydrogen bonds 
between the bases.  
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Given that data from both bacteria and archaeal systems show the initiator protein(s) can 
perform initial DNA unwinding, this study set out to establish whether the same was true for 
budding yeast ORC and Cdc6. Neither protein has been crystallised, therefore this project 
aimed to use biochemical methods to detect DNA unwinding.  
The first DNA unwinding assay performed was based on studies in bacteria. This used purified 
proteins and an origin containing plasmid combined with restriction enzyme digestion to map 
sites of unwinding (Kawakami et al., 2005; Takata et al., 2000). However, this proved to lack 
both positive controls and the resolution required, therefore a footprinting approach was used 
in its place.  
Footprinting was used as it achieves single base resolution and allows for analysis of 
protein/DNA interactions, as well as detection of DNA unwinding. ORC∙Cdc6 binding to the 
plasmid substrate was confirmed by DNaseI footprinting. Subsequently, enzyme and 
chemical-based footprinting methods were tested. The ssDNA-specific endonuclease, nuclease 
P1 has been used successfully in bacterial studies (Bramhill and Kornberg, 1988; Hwang and 
Kornberg, 1992; Speck and Messer, 2001) to detect DNA unwinding and was implemented 
here. However, concerns over the enzymatic activity of available commercial nuclease P1 and 
its propensity to be inhibited in reaching the DNA by steric hindrance meant that this approach 
was discontinued in favour of potassium permanganate (KMnO4) footprinting. KMnO4 
footprinting has been used to detect DNA unwinding in bacteria (Krause and Messer, 1999; 
Krause et al., 1997) and open complex formation during the initiation of transcription in 
budding yeast (Ostapenko and Gileadi, 2000).  
3.1.1 Nuclease P1 DNA unwinding assays with agarose gel analysis 
Nuclease P1 is an ssDNA-specific nuclease that can be used to detect DNA unwinding. This 
approach has been used successfully to detect melting/initial unwinding by DnaA in bacteria 
(Bramhill and Kornberg, 1988; Kawakami et al., 2005; Polaczek et al., 1998) and DNA 
distortion by Orc in archaea (Grainge et al., 2006). Initially, an assay based on that used by 
Kawakami et al. (2005) and Takata et al. (2000) was designed. A plasmid, pUC19-ARS1, was 
constructed that contained the yeast origin ARS1 and three restriction sites, one to the left of 
ARS1 (AflIII), one to the right of ARS1 (XmnI) and one within ARS1 (BglII) (Figure 3.1 A). The 
BglII site within ARS1 was positioned between the A and B1 elements (Figure 3.1 B), which is 
where ORC and Cdc6 bind (Speck et al., 2005). The assay works on the premise that if 
ORC∙Cdc6 are able to unwind DNA the unwinding will occur close to their binding site within 
ARS1. Incubation of the plasmid with nuclease P1 should produce a cut in this region. If both 
Chapter 3 - DNA unwinding during pre-RC formation 
76 
 
strands are cut by two separate enzyme molecules, the plasmid will be linearised, but if only 
one strand is cut then the plasmid will become relaxed. However, the expectation was that 
DNA unwound by ORC∙Cdc6 would be converted to a double strand break because this is the 
case for DNA unwound by DnaA (Takata et al., 2000). To map the position of the cut within 
the plasmid, the DNA was digested with a second restriction enzyme, either XmnI or AflIII, to 
create a second DNA fragment (Figure 3.1 C).  
pUC19-ARS1 was incubated with purified ORC and Cdc6, treated with P1 then digested with 
XmnI (Figure 3.2 A) or AflIII (Figure 3.2 B). Each assay had restriction enzyme controls 
consisting of XmnI or AflIII alone, or in combination with BglII, to provide a reference for the 
expected fragment sizes. In addition, a test for the activity of nuclease P1 on plasmid DNA was 
included. DNA without proteins was incubated with either the experimental (2 U) or a higher 
dose (10 U) of nuclease P1. The higher dose detected DNA breathing (reviewed in Lilley, 
1988; Section 1.6), showing that the DNA was supercoiled at the time of protein addition and 
that nuclease P1 was active (Figure 3.2, lane 5). ORC and Cdc6 were titrated individually onto 
DNA or in combination, with a two-fold molar ratio of Cdc6 to ORC maintained throughout, 
as established previously (Speck et al., 2005). No condition tested produced consistent DNA 
unwinding in the region of ARS1. The assay was prone to variability making the results 
difficult to interpret. For example, when the DNA was digested with AflIII following 
incubation with 7.5 nM ORC (Figure 3.2 B, lane 6) a band of the expected size appeared. 
However, this was of a similar intensity to that produced by DNA breathing (Figure 3.2 B, 
lanes 4 & 5) and was not reproduced when the sample was instead digested with XmnI (Figure 
3.2 A, lane 6). Similarly, incubation with 30 nM ORC followed by digestion with XmnI (Figure 
3.2 A, lane 9) produced a band of approximately 1600 bp, roughly concurrent with unwinding 
in the bacterial origin of pUC19-ARS1, but this was not the case following digestion with AflIII 
(Figure 3.2 B, lane 9). In addition to the variability within the assay, precise mapping of 
fragment sizes to specific points on the plasmid was difficult. Accuracy to within 
approximately 200 bp was possible. However, this would prevent mapping of any DNA 
unwinding being produced with ARS1, as the ARS1 fragment used here was only 193 bp long 
in its entirety. Given these two very important issues it was decided not to spend time reducing 
the assay variability, but instead to move to a footprinting-based method, which would increase 
the resolution of the assay to the single base level.  
  
Chapter 3 - DNA unwinding during pre-RC formation 
77 
 
 
 
 
Figure 3.1: Experimental design of agarose gel assay to detect DNA unwinding of ARS1 
by ORC and Cdc6 
(A) Map of the pUC19-ARS1 plasmid, containing the yeast origin ARS1, as well as three 
restriction enzyme sites to allow mapping of DNA unwinding. (B) ARS1 contains several 
conserved elements, the A and B1 elements are bound by ORC∙Cdc6. The BglII site is present 
between the A and B1 elements. (C) Schematic representation of the band pattern generated by 
single and double restriction enzyme digests (lanes 1-3, black bands) and the type of pattern 
expected if there was DNA unwinding within ARS1 (lanes 4 and 5, grey bands). Double 
digestion of this plasmid with the restriction enzymes BglII and AflIII produces 0.5 and 2.4 kb 
fragments. Similarly, digestion with BglII and XmnI produces 0.7 and 2.1 kb fragments. 
Fragment size was measured by comparing the bands produced by restriction digest with bands 
of known size contained in a 1 kb ladder (shown to left of the gel).  
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Figure 3.2: Agarose gel analysis of DNA unwinding by ORC∙Cdc6 on pUC19-ARS1  
(A) As controls for the expected band pattern pUC19-ARS1 was digested with XmnI (lane 1), 
XmnI and BglII (lane 2). To control for detection of DNA ‘breathing’ pUC19-ARS1 was 
incubated with nuclease P1 and then cut with XmnI (lanes 3-5). ORC (7.5, 15, 20 30 nM) 
(lanes 6-10), Cdc6 (15, 30, 40, 60 nM) (lanes 11-14) or both proteins (amounts as stated 
previously, with Cdc6 in a two-fold molar excess compared to ORC) (lanes 15-18) were 
incubated with pUC19-ARS1 and nuclease P1. Incubation was with 2 U of nuclease P1 for 
25 sec unless otherwise indicated in the figure. (B) pUC19-ARS1 was treated as in (A), except 
that AflIII replaced XmnI. DNA sizes were measured against a 1 kb ladder containing DNA 
fragments of 3054, 2036, 1636, 1018, 517 and 506 base pairs. The 517 and 506 bands appear 
as a single band under the experimental conditions.  
  
Chapter 3 - DNA unwinding during pre-RC formation 
79 
 
3.1.2 Establishment of a primer extension technique 
Given the importance of supercoiling for unwinding in bacteria (Funnell et al., 1986), a 
circular supercoiled plasmid substrate was used in this project. However, footprinting using 
this substrate required the development of a primer extension protocol. A circular plasmid 
cannot be easily radio-labelled, therefore a primer extension method was applied to visualise 
the unwinding pattern. Primer extension requires the 5′-end labelling of an oligonucleotide 
primer with the γ-32P phosphate of ATP. This primer is then used as in a standard PCR 
programme, except that it is the only primer in the reaction. As one primer is used, only one 
strand of the DNA is copied and the polymerase will extend along that strand until it meets a 
cut site. The resulting DNA mixture is analysed on a urea-polyacrylamide gel and a band will 
appear at positions where a break has prevented the polymerase extending the strand. Manual 
DNA sequencing is also performed on the template DNA and loaded alongside primer 
extended samples to enable identification of modified positions in the template indicative of 
unwinding. 
The primer extension method used was based on that described by Hwang and Kornberg 
(1992). In order to have the lowest background and intra- and inter-assay variability several 
parameters were optimised. These included the method of DNA purification, polymerase type 
and source, restriction digest conditions, amount of primer, extension temperature and pellet 
re-suspension in sequencing gel loading buffer. The conditions tested are described below and 
summarised in Table 3.1.  
Primer extension requires de-proteinated DNA and so the DNA was purified following 
treatment with the appropriate footprinting reagent. Purification by phenol/chloroform 
extraction and Qiagen PCR purification kit was tested. Samples purified using the Qiagen kit 
showed increased numbers of nicks and recovery was variable (data not shown), therefore 
phenol/chloroform extraction was used to purify the DNA.  
Klenow polymerase is active at both 37 °C and 50 °C.  Both temperatures were tested and 
37 °C produced less background following treatment with DNaseI or nuclease P1, but 50 °C 
was better following treatment with KMnO4 (data not shown). In addition, Klenow lacking 
3′-5′ exonuclease activity out-performed the standard Klenow under all conditions tested (data 
not shown). 
Klenow polymerase cannot efficiently extend supercoiled DNA, therefore the DNA was 
linearised prior to extension. AflIII was initially used to digest the DNA, but high background 
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persisted during primer extension. Several restriction enzymes were tested and all performed 
better than AflIII. The amount of enzyme and digestion time was minimised, with the best 
conditions being 5 U of XmnI for 30 min at 37 °C (data not shown).  
The ratio of DNA to primer within the primer extension reaction was also optimised to ensure 
minimal sample-to-sample variability. Slight differences in DNA yield can be overcome, as 
long as the primer is the limiting factor in the extension reaction. Using 150 fmol of primer 
ensured that sample-to-sample variability was minimised, but specific signal was preserved. 
Sample-to-sample variability was the main problem to overcome during method establishment. 
Prior to gel loading, samples were re-suspended in sequencing gel loading buffer. However, it 
became clear that the small volumes of buffer required for the gel were not sufficient to 
dissolve the pellets fully (data not shown). Consequently, an extra step was added whereby 
samples were soaked for 10 min at RT in 2 µl of 10 mM Tris pH 8.0 and then re-suspended 
with 5 µl of sequencing gel loading buffer.  
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Table 3.1: Optimisation of primer extension conditions 
Summary of parameters tested during primer extension optimisation. Starting conditions were 
based on Hwang and Kornberg (1992) and are marked in bold.  
Parameter Changed Conditions Tested Optimal Condition 
Purification method Phenol/Chloroform/Isoamylalcohol 
then chloroform extraction, 
Phenol/Chloroform/Isoamylalcohol 
extraction, Phenol then Chloroform 
extraction, Qiagen PCR purification 
kit, Qiagen enzymatic reaction clean 
up kit 
Phenol then Chloroform 
extraction  
Restriction enzyme used 
to linearise plasmid 
AflIII, XmnI, NdeI XmnI  
Amount restriction 
enzyme 
1, 5, 10 U XmnI 
0.5, 1, 2.5 U AflIII 
5 U XnmI 
Digestion time 60 min or 30 min for each amount 
enzyme tested. 
30 min 
Polymerase used for 
extension 
Klenow, Klenow exo- (NEB), 
Klenow exo- (Roche), Vent exo-, 
Phusion, Taq 
Klenow exo- (NEB) 
Primer extension 
temperature 
37º C or 50º C 37 ºC 
Inactivation of Klenow 65 ºC 10 min or no inactivation No inactivation 
Primer:template ratio 2:1, 1:1, 0.5:1  0.5:1 
Re-suspension of DNA 
pellet for gel loading 
5 μl sequencing gel loading buffer; 
2 μl 10 mM Tris pH 8.5 then 5 μl 
sequencing gel loading buffer; 10 μl 
sequencing gel loading buffer; 2 μl 
10mM Tris pH 8.5 then 10μl 
sequencing gel loading buffer 
2 μl 10 mM Tris pH 8.5 
then 5 μl sequencing gel 
loading buffer 
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3.1.3 DNaseI footprinting 
ORC∙Cdc6 form a complex on ARS1 DNA (Speck et al., 2005). However, Speck and 
colleagues performed their DNaseI footprints on a short radio-labelled linear fragment, 
whereas in this study a supercoiled plasmid and primer extension were required. Therefore, 
DNaseI footprinting was performed using the same buffer conditions and DNA substrate 
(pUC19-ARS1) used in the nuclease P1 assays. In order to ensure that the footprint obtained 
was truly reflective of ORC∙Cdc6 bound to supercoiled DNA, a DNaseI titration was 
performed on pUC19-ARS1 (Figure 3.3). A successful DNaseI footprint requires a balance 
between the preservation of supercoiling and digestion of enough plasmid molecules to 
produce a clear footprint. The first DNaseI concentrations tested were too high and completely 
digested the plasmid or produced very small fragments (Figure 3.3; compare lanes 2-6 with 
lane 1). The intermediate concentrations tested linearised the plasmid (Figure 3.3; lanes 7 and 
8) and the lower concentrations preserved supercoiling (Figure 3.3; lanes 9 and 10). When 
0.0001 U (Figure 3.3; lane 9) and 0.00003 U (Figure 3.3; lane 10) of DNaseI were tested in 
combination with primer extension to determine their suitability to visualise ORC∙Cdc6 
binding, 0.0001 U provided a significantly clearer footprint (data not shown) and was used for 
subsequent assays.  
pUC19-ARS1 was left intact or linearised with XmnI, incubated with ORC and Cdc6, treated 
with DNaseI and analysed by primer extension. The conditions supported ORC and ORC∙Cdc6 
binding (Figure 3.4). Cdc6 modified the ORC footprint as predicted (Speck et al., 2005); the 
hypersensitive band in the B1 element decreased in intensity in a Cdc6 
concentration-dependent manner (Figure 3.4; lanes 8-11 & 20-23; marked with *). 
Interestingly, there were several differences in the footprints on supercoiled versus linear 
pUC19-ARS1. 
Both DNA substrates had a clear ‘core’ ORC footprint spanning about 50 bases (Figure 3.4; 
lanes 7 and 19; boxed area). The addition of Cdc6 resulted in increasing protection of a 
hypersensitive site in the ‘core’ footprint (Figure 3.4; lanes 8-11 and 20-23; indicated by *), 
which was stronger on supercoiled DNA. In addition, ORC protected supercoiled, but not 
linear DNA, upstream of the A element (Figure 3.4; compare lane 7 with lane 19; marked with 
unbroken line). Protection in the area was slightly enhanced by addition of Cdc6 (Figure 3.4; 
compare lanes 7-11 with 19-23). The region between the B2 and B3 elements was protected by 
addition of Cdc6 (Figure 3.4; lanes 8-11 and 20-23; marked with broken line). Once again the 
effect was more striking on supercoiled DNA. Overall, Cdc6 induced an extension of the ORC 
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footprint to about 150 bases. The binding patterns on linear and supercoiled DNA from this 
study are similar to those published for a short linear fragment (Speck et al., 2005). The 
formation of the Cdc6-dependent extended footprint was slightly favoured by lengthening the 
DNA substrate, but more so by assembling the proteins on supercoiled DNA (Figure 3.5).  
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Figure 3.3: Titrating DNaseI to preserve supercoiling of pUC19-ARS1 
pUC19-ARS1 was treated with decreasing amounts of DNaseI (5, 0.5, 0.05, 0.01, 0.005, 0.001, 
0.0003, 0.0001, 0.00003 U) for 2 min (lanes 2-10) and compared with the untreated 
supercoiled stock plasmid (lane 1). Nicked, linear and supercoiled species are indicated by 
arrows.   
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Figure 3.4: ORC∙Cdc6 bind ARS1 and produce an extended footprint on supercoiled 
DNA 
DNaseI footprint of the T-rich strand of ARS1 on supercoiled (left) or linear (right) DNA. 
pUC19-ARS1 was treated with DNaseI in the absence of protein (lanes 1, 12, 13 and 24), with 
40 nM ORC (lanes 7 and 19) or with 40 nM ORC and increasing concentrations (20, 40, 80, 
160 nM) of Cdc6 (lanes 8-11 and 20-23). The footprint was visualised following a single cycle 
of primer extension using a 5'-end-labelled primer. The genetically conserved elements of 
ARS1 are indicated on the left of the gel. Boxed areas indicate the ‘core’ footprint, unbroken 
lines represent the ORC footprint and dashed lines represent the ‘extended’ ORC∙Cdc6 
footprint. The * represents the ORC-dependent hypersensitive site.  
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Figure 3.5: ORC∙Cdc6 DNaseI footprints on different DNA substrates 
Schematic representation of ARS1 sequence, including A, B1, B2 and B3 elements. 
Comparison of published in vitro ORC∙Cdc6 footprint data from a short linear fragment  
(Speck et al., 2005) with footprints on longer linear and supercoiled DNA. Heavy unbroken 
lines indicate the ‘core’ footprint, thin unbroken lines indicate protected areas and dashed lines 
indicate weakly protected areas. Dotted lines represent previously published footprints. The 
hypersensitive band in the ‘core’ footprint is indicated by *, with the size representing the 
intensity of the band.  
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3.1.4 Nuclease P1 footprinting 
Confident that robust conditions for primer extension had been established and ORC∙Cdc6 
formed on pUC19-ARS1, nuclease P1 footprints were carried out. Both the A-rich and T-rich 
strands were analysed. No background was generated by nuclease P1 in the absence of protein 
(Figure 3.6 A and B; compare lanes 1 and 7 with lanes 2-6). However, no ORC∙Cdc6-specific 
signal was produced with any of the tested nuclease P1 concentrations (Figure 3.6 A and B; 
lanes 8-12). The amount of DNA loaded per lane was not perfectly equal, but this did not 
hinder interpretation of the gel and repeated experiments showed the same overall pattern of 
nuclease-reactivity. 
Whilst the absence of DNA unwinding was clear within all samples, the lack of a positive 
control meant that confirmation of the activity of nuclease P1 within this assay was not 
possible. Subsequently, DnaA (Figure 3.7 A and B) and HU (Figure 3.7 C) were purified from 
E. coli. The DnaA purification method and plasmids were supplied by the Messer laboratory 
(Schaper and Messer, 1995). DnaA was extracted from bacteria with ammonium sulphate, 
purified over MonoQ ion exchange resin and eluted with a glutamate gradient in the presence 
of sucrose to prevent the protein precipitating. HU was cloned into pGEX-6P-1 to form a 
His-tagged fusion protein and purified using a method based on that described by Pellegrini et 
al. (2000). The fusion protein was bound to a Ni
2+
 column and washed with high salt, 
imidazole and low pH to remove poorly bound protein and impurities. Protein was eluted with 
a pH gradient and dialysed into buffer containing HEPES-KOH pH 7.6 to ensure compatibility 
with the footprint assay. These recombinant proteins were tested for their ability to unwind the 
bacterial origin oriC in the nuclease P1 footprint described above. 
Purification of recombinant DnaA and His6-HU allowed the testing of the nuclease P1 used in 
the ORC/Cdc6 assay. Nuclease P1 could detect unwinding mediated by DnaA and HU, but 
only at very high enzyme concentrations (Figure 3.8; compare lane 21 with lanes 3, 6, 9, 12, 15 
and 18) and not in the absence of HU (Figure 3.8; compare lane 20 with lane 21). These data 
suggest the nuclease P1 available was not very active under the conditions used. There may be 
several explanations for this; the buffer was not optimal, poor DNA accessibility or poor 
enzyme quality. Given the expense of the nuclease and the quantities required to continue with 
these experiments, it was decided that nuclease P1 would be replaced by KMnO4.   
Chapter 3 - DNA unwinding during pre-RC formation 
88 
 
 
Figure 3.6: ORC∙Cdc6 do not unwind ARS1 DNA 
Nuclease P1 footprint of both strands of ARS1 with ORC and Cdc6. Nuclease P1 footprinting 
was performed on supercoiled pUC19-ARS1. Increasing amounts of nuclease P1 (0.001, 0.01, 
0.05, 0.1, 0.25 U) were incubated with either DNA alone (lanes 1-7) or with 40 nM ORC and 
80 nM Cdc6 (lanes 8-12) for 25 sec on either the A-rich (A) or T-rich (B) strands of ARS1. The 
footprint was visualised following a single cycle of primer extension using a 5'-end-labelled 
primer. The genetically conserved elements of ARS1 are indicated on the left of each gel.  
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Figure 3.7: Purification of DnaA and HU from E. coli 
(A) Colloidal blue stained gel, showing purification of DnaA. After sonication the resulting 
extract was precipitated with ammonium sulphate, desalted and applied to a MonoS column. 
DnaA was eluted using a potassium glutamate gradient. Pooled fractions are indicated by the 
thick line (fractions 1-17). (B) Colloidal blue stained gel showing the final pool of DnaA used 
for all assays. The arrow indicates DnaA. (C) Coomassie blue stained gel, showing purification 
of His6-HU. After sonication the resulting extract was applied to a HisTrapFF Crude column 
and washed five times (washes A-E). His6-HU was eluted in a single fraction with 50 mM 
sodium acetate pH 4.0, 1.0 M sodium chloride. The arrow indicates His6-HU.  
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Figure 3.8: Nuclease P1 can detect DnaA/HU mediated unwinding of the bacterial origin 
oriC 
Nuclease P1 footprint of top strand of oriC. pOC170 plasmid containing oriC was incubated 
with increasing amounts of nuclease P1 for 25 sec, in the absence of protein (lanes 1, 4, 7, 10, 
13, 16, 19), with 190 nM DnaA (lanes 2, 5, 8, 11, 14, 16, 20) or with 190 nM DnaA and  
140 nM HU (lanes 3, 6, 9, 12, 15, 18, 21). The footprint was visualised following a single cycle 
of primer extension using a 5'-end-labelled primer. The genetically conserved elements of oriC 
are indicated on the left of the gel. DNA unwinding is indicated by the dashed line.  
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3.1.5 KMnO4 footprinting 
KMnO4 is an extremely sensitive tool for the analysis of DNA unwinding and can detect a 
single unwound base (Naik and Raghavan, 2008). It reacts primarily with unpaired thymines 
(T), rendering them sensitive to treatment with a strong base. However, KMnO4 can also react 
with unpaired cytosines (C) and to a lesser extent guanines (G) or adenines (A) (Deeble et al., 
1997; Gogos et al., 1990; Rubin and Schmid, 1980). In an alkaline environment, the phosphate 
backbone of the DNA breaks at the modified residues. As only one strand at a time is analysed 
by primer extension, the breaks appear as bands on a gel when visualised following primer 
extension. 
Cdc6 was titrated onto pUC19-ARS1 in the absence or presence of ORC. The complexes were 
treated with KMnO4 to modify unpaired bases, the DNA purified and analysed by primer 
extension. Following primer extension on the T-rich strand, no DNA unwinding was detected 
under any of the tested conditions (Figure 3.9; compare lane 1 with lanes 2-5 (ORC only), lane 
6 (Cdc6 only) and lanes 7-12 (ORC and Cdc6)). In order to confirm that the lack of signal was 
due to the absence of DNA unwinding and not inappropriate experimental conditions, the 
ORC/Cdc6 binding buffer was used to test detection of unwinding by the bacterial proteins 
DnaA and HU.  
DnaA and HU were incubated in the ORC/Cdc6 binding buffer with plasmid pOC170, 
containing the bacterial origin oriC and the top strand was analysed by primer extension. In the 
presence of DnaA and HU unwinding was detected (Figure 3.10 A; lane 3). However, the 
degree of unwinding was considerably less than that observed in the published buffer (Krause 
et al., 1997), suggesting that the buffer conditions used here were not optimal. Following a 
literature search, DTT and potassium glutamate emerged as candidate inhibitory factors. 
KMnO4 is an oxidising chemical and therefore inhibited by reducing agents, such as DTT. 
DNaseI footprinting demonstrated that ORC∙Cdc6 still binds ARS1 in the absence of DTT (data 
not shown), therefore it was omitted from the KMnO4 footprint binding buffer. Next, the ionic 
strength of the buffer was examined. Increasing ionic strength inhibits DNA unwinding 
(Bowater et al., 1994). To modify the ionic strength of the buffer the amount of potassium 
glutamate was varied between 0 and 100 mM. DnaA/HU KMnO4 footprints were obtained in 
the absence of DTT and the presence of 0-100 mM potassium glutamate (Figure 3.10 B).  
Omission of DTT from the binding buffer restored detection of unwinding by DnaA/HU 
(Figure 3.10; compare A; lane 3 with B; lane 9), whereas the potassium glutamate 
concentration did not have a significant impact on the signal. In the presence of 50 mM 
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potassium glutamate there was a slight signal enhancement compared to 100 mM potassium 
glutamate (Figure 3.10 B; compare lanes 6 and 9). However, at both 0 and 50 mM potassium 
glutamate unwinding carried out by DnaA in the absence of HU became visible (Figure 3.10 B; 
lanes 2 and 5). In the absence of potassium glutamate unwinding by DnaA/HU was decreased 
(Figure 3.10 B; compare lane 3 with lanes 6 and 9), possibly reflecting DnaA and/or HU 
instability in a buffer with such a low ionic strength.  
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Figure 3.9: ORC∙Cdc6 do not unwind the ARS1 origin 
KMnO4 footprint of the T-rich strand of ARS1. pUC19-ARS1 plasmid was probed with KMnO4 
following incubation in ORC/Cdc6 binding buffer in the absence of protein (lane 1), with 
40 nM ORC (lane 5) or increasing concentrations (20, 40, 80, 160 nM) of Cdc6 in the absence 
(lanes 2-5) or presence (lanes 7-10) of 40 nM ORC. The footprint was visualised following a 
single cycle of primer extension using a 5'-end-labelled primer. The genetically conserved 
elements of ARS1 are indicated on the left of the gel. 
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Figure 3.10: Using DnaA/HU to determine compatibility of ORC/Cdc6 binding buffer 
with KMnO4 
KMnO4 footprint of top strand of oriC. pOC170 plasmid containing oriC was probed with 
KMnO4 following incubation in ORC/Cdc6 binding buffer. The footprint was visualised 
following a single cycle of primer extension using a 5'-end-labelled primer. The genetically 
conserved elements of oriC are indicated on the left of the gel. DNA unwinding is indicated by 
the dashed line. (A) Reactions were carried out in the absence of protein (lane 1), with 190 nM 
DnaA (lane 2) or with 190 nM DnaA and 140 nM HU (lane 3). (B) The experiment was carried 
out as for (A) except that DTT was omitted from the ORC/Cdc6 binding buffer and the 
concentration of potassium glutamate was adjusted to 0 mM (lanes 1-3), 50 mM (lanes 4-6) or 
100 mM (lanes 7-9).  
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The ORC∙Cdc6 KMnO4 footprint was repeated in the absence of DTT. In addition, the 
footprint reaction was carried out in 25 mM potassium glutamate. The decision to switch from 
100 mM to 25 mM potassium glutamate was taken because 50 mM potassium glutamate 
facilitated detection of DNA unwinding by both DnaA and DnaA/HU, which was not the case 
at 100 mM (Figure 3.10 B; compare lanes 5/6 with 8/9). Moreover, ORC∙Cdc6 can form a 
complex on ARS1 at 25 mM potassium glutamate (Speck et al., 2005), therefore 25 mM 
potassium glutamate represented the condition with the maximum possible sensitivity. 
Supercoiled pUC19-ARS1 was incubated in the absence of protein, with Cdc6, ORC or ORC 
and increasing amounts of Cdc6. Cdc6, ORC and ORC∙Cdc6 did not produce areas of 
permanganate sensitivity that would indicate DNA unwinding within ARS1 (Figure 3.11; 
compare lane 1 with lanes 2-4, lane 5 and lanes 7/8). Finally, HU was added to ORC∙Cdc6 to 
determine whether it could manipulate the DNA to facilitate ORC∙Cdc6 DNA unwinding as it 
does for DnaA. However, HU did not enhance permanganate sensitivity (Figure 3.11; compare 
lanes 9/10 with lanes 7/8).       
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Figure 3.11: ORC∙Cdc6 do not unwind the ARS1 origin  
KMnO4 footprint of the T-rich strand of ARS1. pUC19-ARS1 plasmid was probed with KMnO4 
following incubation in ORC/Cdc6 binding buffer containing 25 mM potassium glutamate in 
the absence of protein (lane 1), with 40 nM ORC (lane 5) or increasing concentrations (40, 80, 
160 nM) of Cdc6 in the absence (lanes 2-4) or presence (lanes 6-8) of 40 nM ORC or the 
presence of 40 nM ORC and 93 nM HU (lanes 9-10). The footprint was visualised following a 
single cycle of primer extension using a 5'-end-labelled primer. The genetically conserved 
elements of ARS1 are indicated on the left of the gel.  
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3.2 DNA unwinding within the pre-RC during helicase loading 
Work carried out in Section 3.1 clearly established that ORC∙Cdc6 do not carry out either 
melting or initial unwinding. Therefore, these events must occur either during MCM2-7 
helicase loading or during its activation in pre-IC/replisome formation. In 2008, the Speck 
group developed a method to purify MCM2-7 from G1 arrested yeast extracts. This alleviated 
the final barrier to in vitro analysis of the role of DNA unwinding in pre-RC formation and 
activation. Subsequently, the hypothesis that melting or initial unwinding carried out by 
ORC∙Cdc6 was required before helicase loading was rendered obsolete, as both the Speck and 
Diffley groups reconstituted pre-RC formation in vitro and showed that MCM2-7 is loaded on 
to dsDNA (Evrin et al., 2009; Remus et al., 2009). However, the possibility remained that 
melting and/or initial DNA unwinding occurred as the MCM2-7 helicase was loaded.  
There is a precedent for melting during the process of helicase loading, the Papillomavirus E1 
protein catalyses melting during helicase loading. Although the active E1 helicase is 
hexameric, E1 initially binds dsDNA as a double trimer (two trimers head to head) and has 
melting activity. To activate the helicase the trimers are each remodelled to a hexamer and 
during this process origin DNA is unwound and placed in the central channel of the resultant 
double hexamer, allowing for sustained unwinding. In this system, melting and initial 
unwinding are distinct events separate from sustained unwinding, as evidenced by mutational 
analysis of E1 proteins that allow melting but cannot support sustained unwinding (Liu et al., 
2007; Schuck and Stenlund, 2005b, 2007).  If the pre-RC carries out an analogous function 
then it would be expected that melting will be detected within the pre-RC, but that extended 
initial unwinding will follow during pre-IC formation and MCM2-7 activation.  
Experiments in this section took advantage of the novel in vitro pre-RC assay developed within 
the Speck group (Evrin et al., 2009). The standard in vitro pre-RC assembly assay is carried 
out on pUC19-ARS1 randomly crosslinked with biotin and immobilised on streptavidin beads. 
However, primer extension analysis requires that the plasmid is available for use in a PCR 
reaction and the pUC19-ARS1 beads are not, due to the DNA being immobilised on 
streptavidin beads. Therefore, KMnO4 footprinting was carried out on pUC19-ARS1 in solution 
to facilitate analysis of sites of permanganate sensitivity by primer extension. 
Each round of MCM2-7 loading requires ATP hydrolysis by Cdc6 and then ORC for 
completion (Randell et al., 2006). ATP hydrolysis by ORC is required for reiterative loading 
(Bowers et al., 2004). If the pre-RC reconstitution assay is carried out in the presence of the 
non-hydrolysable ATP analogue ATPγS, MCM2-7 associates with origin DNA, but is not 
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loaded. The two forms are easily distinguishable, as only loaded MCM2-7 is salt resistant 
(Bowers et al., 2004; Donovan et al., 1997; Evrin et al., 2009; Randell et al., 2006; Remus et 
al., 2009). Execution of the assay in solution prevents the use of a high salt wash to isolate 
loaded MCM2-7. However, loading occurs in solution, as visualised by electron microscopy 
(Evrin et al., 2009). Furthermore, comparison of permanganate-reactivity between ATP and 
ATPγS complexes identified those changes specifically attributable to loaded MCM2-7, as 
ATPγS precluded loading. In this section pre-RC formation in the presence of loaded MCM2-7 
(ATP) and associated MCM2-7 (ATPγS) was investigated.  
3.2.1 Purification of MCM2-7 from G1 phase arrested yeast extracts 
For many years in vitro analysis of pre-RC formation was hampered by the lack of a source of 
purified MCM2-7. Eukaryotic MCM2-7 was difficult to purify for several reasons. First, 
MCM2-7 from several organisms form a variety of sub-complexes in vitro and many of these 
have distinct biochemical properties (Lee and Hurwitz, 2000; Schwacha and Bell, 2001). For 
example, the hexameric Mcm4/6/7 complex has helicase activity distinct from that of the 
whole complex (Ishimi, 1997; Lee and Hurwitz, 2000, 2001). Consequently, analysis of 
MCM2-7 was hindered, due to extraneous signals contributed by sub-complexes contained in 
heterogeneous mixtures. Second, the Mcm subunits must be in intimate and specific contact 
with each other to facilitate the functionality of the MCM2-7 hexamer (reviewed in Bochman 
and Schwacha, 2009). Combine this with the potential for hexamer-hexamer interaction 
demonstrated in archaea (Chong et al., 2000) and a situation is created where the addition of an 
epitope tag for affinity purification carries the risk of disrupting MCM2-7 structure and/or 
activity. Finally, loading of MCM2-7 requires unphosphorylated MCM2-7, which is only 
available in G1 phase of the cell cycle (reviewed in Arias and Walter, 2007).  
The Speck group produced a yeast strain transformed with three yeast expression plasmids 
each containing two Mcm subunits, including Mcm3 with an N-terminal HA-tag. Mcm3 was 
tagged to enrich for MCM2-7 at the expense of Mcm4/6/7 hexamers, which have a similar 
molecular weight to MCM2-7. The yeast were arrested in G1 with α factor, to ensure that 
MCM2-7 had not been phosphorylated by S-CDK, and MCM2-7 was purified in a two step 
purification process (Figure 3.12 A). MCM2-7 were bound to anti-HA beads and eluted with 
HA peptide followed by a polishing step using Superdex 200 gel filtration. The gel filtration 
step separated intact MCM2-7 from contaminating lower molecular weight sub-complexes 
(Figure 3.12 B). Intact MCM2-7 complexes were stabilised by the addition of 5 mM ATP.   
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Figure 3.12: Purification of MCM2-7 from yeast 
(A) Coomassie blue stained gel, showing purification of MCM2-7 (HA-Mcm3). Yeast 
expressing each Mcm subunit and arrested in G1 were lysed and the resulting extract incubated 
with anti-HA beads. The beads were rinsed, washed twice and bound Mcm eluted with HA 
peptide. The eluate was concentrated and applied to a Superdex 200 gel filtration column; 
fractions containing intact MCM2-7 were concentrated for storage. The position of each Mcm 
subunit is indicated on the magnified panel to the right of the gel. (B) Silver stained gel 
showing complexes loaded onto and eluted from the Superdex 200 column. Fractions 11-18 
containing intact MCM2-7 were pooled. Molecular weight (KDa) of individual polypeptides 
was compared to a Broad Range Marker indicated to the left and right of the gel. Approximate 
molecular weights (KDa) of eluted complexes are indicated above the gel and represent elution 
positions of known molecular weight standards.  
  
Chapter 3 - DNA unwinding during pre-RC formation 
100 
 
3.2.2 KMnO4 footprinting of pre-RC containing loaded MCM2-7 
The pre-RC was formed on supercoiled pUC19-ARS1 in binding buffer containing a roughly 
physiological ATP concentration (Traut, 1994). The resulting protein∙DNA complexes were 
treated with KMnO4, the DNA deproteinated and primer extended (Figure 3.13). As expected, 
ORC, Cdc6 and ORC∙Cdc6 did not produce any permanganate-reactivity (Figure 3.13 A and 
B; lanes 2, 3 and 6). In addition, Cdt1, MCM2-7 and incomplete combinations of the four 
pre-RC components failed to show any permanganate-reactivity (Figure 3.13 A and B; lanes 4, 
5, 7 and 8). However, the complete pre-RC produced two areas of permanganate-reactivity on 
the A-rich strand (Figure 3.13 A; lane 9, indicated by *). This signal was slightly enhanced by 
the addition of the S phase kinases S-CDK and DDK, either individually or together (Figure 
3.13 A; compare lane 9 with lanes 10-12). In addition, two further sites of permanganate-
reactivity were revealed. One was between B2 and B3 and was dependent on S-CDK and the 
other was upstream of the B3 region and appeared with DDK and S-CDK alone or in 
combination (Figure 3.13 A; lanes 11-13, marked #). However, the complete pre-RC did not 
produce any permanganate-reactivity in the presence or absence of kinases on the T-rich strand 
(Figure 3.13 B; lanes 9-12). Subsequently, regions on both strands above and below ARS1 were 
screened for further permanganate-reactive areas, but none were found (data not shown). To 
distinguish between signal generated by loaded MCM2-7 and associated MCM2-7, the assay 
was repeated in the presence of ATPγS.  
3.2.3 KMnO4 footprinting of pre-RC containing associated MCM2-7 
The pre-RC reactions were carried out as in Section 3.2.2, except that ATPγS replaced ATP in 
the binding buffer and MCM2-7 was purified in the absence of ATP. Under these conditions 
MCM2-7 cannot be loaded on to origin DNA, as neither ORC (Klemm et al., 1997) nor Cdc6 
(Randell et al., 2006) can hydrolyse ATPγS. As expected, no permanganate-reactivity was 
detected in any lane lacking the complete pre-RC on either strand Figure 3.14 A and B; lanes 
1-8). The absence of loaded MCM2-7 within the pre-RC ablated the hypersensitive sites on the 
A-rich strand (Figure 3.14 A and Figure 3.13 A; compare lanes 9-12) and the T-rich strand 
remained unreactive (Figure 3.14 B; lanes 9-12).   
In summary, the pre-RC produced two separate regions of permanganate-reactivity on the 
A-rich strand, one above the B3 element and one within the B2 element. Appearance of these 
sites relied on the entire pre-RC and loaded MCM2-7. No permanganate-reactivity occurred if 
any single pre-RC component was excluded from the reaction or if MCM2-7 loading was 
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blocked with ATPγS.  Phosphorylation of the pre-RC with the two S phase kinases S-CDK and 
DDK revealed two additional sites of reactivity.   
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Figure 3.13: Permanganate-reactive sites are produced on the A-rich, but not the T-rich 
strand, during MCM2-7 loading in the presence of ATP 
KMnO4 footprint of both the A-rich strand (A) and T-rich strand (B) of ARS1 following in 
vitro pre-RC assembly in the presence of ATP. pUC19-ARS1 was probed with KMnO4 
following incubation in the absence of protein (lane 1), with each pre-RC component alone 
(lanes 2-5), ORC∙Cdc6 (lane 6), the ORC/Cdc6/Cdt1 (lane 7), ORC/Cdc6/MCM2-7 (lane 8), 
the entire pre-RC without S phase kinases (lane 9), with DDK (lane 10), S-CDK (lane 11) or 
both (lane 12). The amount of each pre-RC protein in the reactions was 80 nM ORC, 160 nM 
Cdc6, 80 nM Cdt1 and 80 nM MCM2-7. Where indicated the pre-RC was phosphorylated with 
80 nM DDK and/or 20 nM S-CDK. pre-RC-dependent KMnO4-reactive sites are labelled (*) 
and those dependent on phosphorylated pre-RC are marked (#). The footprint was visualised 
following a single cycle of primer extension using a 5′-end-labelled primer. The genetically 
conserved elements of ARS1 are indicated to the left of each gel.  
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Figure 3.14: No permanganate-reactive sites are produced during pre-RC formation in 
the presence of ATPγS 
KMnO4 footprint of both the A-rich strand (A) and T-rich strand (B) of ARS1 following in 
vitro pre-RC assembly in the presence of ATPγS. pUC19-ARS1 was probed with KMnO4 
following incubation in the absence of protein (lane 1), with each pre-RC component alone 
(lanes 2-5), ORC∙Cdc6 (lane 6), the ORC/Cdc6/Cdt1 (lane 7), ORC/Cdc6/MCM2-7 (lane 8), 
the entire pre-RC without S phase kinases (lane 9), with DDK (lane 10), S-CDK (lane 11) or 
both (lane 12). The amount of each pre-RC protein in the reactions was 80 nM ORC, 160 nM 
Cdc6, 80 nM Cdt1 and 80 nM MCM2-7. Where indicated the pre-RC was phosphorylated with 
80 nM DDK and/or 20 nM S-CDK. The footprint was visualised following a single cycle of 
primer extension using a 5′-end-labelled primer. The genetically conserved elements of ARS1 
are indicated to the left of each gel. 
Chapter 3 - DNA unwinding during pre-RC formation 
104 
 
3.3 Discussion 
The first timepoint during initiation of DNA replication where melting and/or initial unwinding 
could reasonably take place is during pre-RC formation. Melting and/or initial unwinding 
could occur in preparation for and/or during MCM2-7 helicase loading. If melting/initial 
unwinding occurs prior to helicase loading then ORC∙Cdc6 must be responsible, as ORC alone 
cannot melt DNA (Klemm et al., 1997) and although Cdc6 has non-specific DNA binding 
properties (Randell et al., 2006), these sites are not suitable for MCM2-7 loading due to the 
lack of ORC. When this project was undertaken, the mechanism of MCM2-7 loading had not 
been established in eukaryotes. However, during the course of this project two groups showed 
that MCM2-7 is loaded on to dsDNA (Evrin et al., 2009; Remus et al., 2009), meaning that 
melting/initial unwinding are not required before helicase loading. Therefore, it became of 
great interest to determine whether DNA was unwound as the MCM2-7 helicase was loaded. 
Analysis of unwinding during helicase loading was made possible because the Speck group 
developed a novel purification process for budding yeast MCM2-7 and an assay for in vitro 
reconstitution of pre-RC formation (Evrin et al., 2009).  
ORC∙Cdc6 binding to a supercoiled plasmid 
Negatively supercoiled DNA has decreased helical stability and is underwound relative to 
relaxed DNA. Consequently, negatively supercoiled DNA is preferentially targeted for DNA 
unwinding during replication. In bacteria, the supercoiled state of origin DNA is a major 
determinate in the efficiency of the initiation of DNA replication (Bates and Maxwell, 2005). 
Negative supercoiling is required for initial DNA unwinding during bacteria replication 
(Funnell et al., 1986, 1987; Kowalski and Eddy, 1989). Moreover, if DNA in the DUE region 
of yeast origins is replaced with DNA has increased helical stability, DNA unwinding is 
inhibited due to increased torsional tension in the origin (Huang and Kowalski, 1993; Umek 
and Kowalski, 1988). Given the above information all assays in this chapter were carried out 
using a supercoiled plasmid as a substrate. No information was available detailing ORC∙Cdc6 
binding to this type of substrate in yeast, although D. melanogaster and fission yeast ORC 
preferentially bind negatively supercoiled DNA (Houchens et al., 2008; Remus et al., 2004). 
This investigation set out to examine ORC∙Cdc6 binding to supercoiled DNA, both to confirm 
the suitability of this substrate and experimental conditions for protein binding and to examine 
ORC∙Cdc6 interactions with supercoiled DNA compared to linear DNA.    
ORC∙Cdc6 bound DNA under the experimental conditions tested. Furthermore, complex 
formation on a negatively supercoiled plasmid differed significantly from that on linear DNA. 
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The strong ‘core’ ORC footprint (Figure 3.4; boxed areas) covered about 50 bp between the A 
and B1 elements, and has been described previously (Speck et al., 2005). The ‘core’ footprint 
could be mediated via direct ORC-DNA contacts, as ORC is about 16 nm long (≈ 49 bp) (Chen 
et al., 2008). However, a novel extended footprint was observed, which was promoted by Cdc6 
and supercoiling (Figure 3.4 and Figure 3.5). Previously, an ORC∙Cdc6 footprint extending 
30 bp towards the B2 element was observed on a short linear DNA (Speck et al., 2005). Here, 
this footprint was further extended towards the B3 element, covering 50 bp. In addition, a 
novel footprint upstream of the A element was observed. The weaker protection upstream of 
the A element in comparison to the ‘core’ footprint could suggest non-specific protein-DNA 
contacts, such as supercoiling-dependent wrapping of DNA around the ORC∙Cdc6 complex.  
There are two possible non-exclusive explanations for this extended footprint on long linear 
and supercoiled substrates. Increased DNA length allows for extensive wrapping of DNA 
around ORC∙Cdc6. Wrapping has been proposed for ORC∙Cdc6 on a short linear fragment, as 
the footprint length is longer than the sum of the length of the two proteins (Speck et al., 2005). 
In addition, electron microscope structures of ORC and ORC∙Cdc6 support a model where 
Cdc6 binding helps bend the DNA around the complex (Chen et al., 2008; Speck et al., 2005). 
However, detection of wrapping on the short fragment may have been limited, as the end of the 
DNA was reached before the maximum potential for wrapping was fulfilled. In addition, the 
longer linear fragment has more flexibility, giving it more potential to form a specific structure 
favoured by ORC∙Cdc6. The further extension of the footprint on supercoiled DNA could be 
due to increased accessibility of the DNA to ORC∙Cdc6, due to its more open underwound 
state relative to the linear fragments.   
Nuclease P1 
Nuclease P1 is an ssDNA-specific nuclease that has been used extensively to analyse formation 
of ssDNA in many systems (reviewed in Desai and Shankar, 2003). It has been used to detect 
initial DNA unwinding in bacteria (Bramhill and Kornberg, 1988; Krause and Messer, 1999; 
Speck and Messer, 2001) and was initially selected for use in this investigation over chemical 
probes, such as KMnO4, because it does not inactivate proteins in the reaction.  
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Analysis of DNA unwinding by ORC∙Cdc6 using agarose gels 
A simple assay was sought that would allow mapping of melting/initial unwinding carried out 
within ARS1 by ORC∙Cdc6 on supercoiled DNA. Previous studies in bacteria used 
origin-containing supercoiled plasmids in combination with restriction enzyme digest to detect 
areas of DNA unwinding (Kawakami et al., 2005; Takata et al., 2000). The same approach was 
adopted during this investigation. A plasmid was constructed that contained ARS1 flanked by 
an AflIII site on the B3 side of the origin, an XmnI site on the A side of the origin and a BglII 
site between the A and B1 elements within the origin. Following incubation with ORC∙Cdc6 
the plasmid was treated with nuclease P1 to cut any ssDNA generated by protein binding, 
followed by digestion with either AflIII or XmnI. Digestion with a combination of AflIII or 
XmnI and BglII produced a pattern of bands equivalent to that which would be produced if 
DNA unwinding occurred within the origin and served as a positive control. 
Activity of nuclease P1 and the supercoiled state of the plasmid were confirmed by monitoring 
DNA ‘breathing’. ‘Breathing’ is transient , naturally occurring, spontaneous DNA unwinding 
in DNA stretches with high helical instability, such as origins. It was detected in the absence of 
ORC/Cdc6 using both the experimental and a five times excess of nuclease P1 (Figure 3.2 A 
and B; lanes 3-5). This demonstrated that the plasmid was supercoiled, as breathing requires 
supercoiling (Kowalski et al., 1988; Lilley, 1988), and the nuclease was active under the 
experimental conditions. However, this assay suffered from several issues that complicated the 
interpretation of the results. Firstly, there was a great deal of assay-to-assay variation and 
samples cut with XmnI and AflIII did not give equivalent results. Second, the resolution of the 
assay was limited to about 200 bp, which would prohibit mapping of DNA unwinding to 
specific parts of ARS1, as ARS1 fragment contained in pUC19-ARS1 is only 193 bp. 
In general, XmnI appeared more sensitive then AflIII, as breathing was detected in all samples 
(Figure 3.2 A and B; compare lanes 6-17). At the time the experiment was carried out it was 
not clear why this might be. However, during establishment of the primer extension protocol it 
was observed that AflIII generated lots of nicks in the DNA compared with XmnI (data not 
shown). This may explain the perceived decreased sensitivity of AflIII in the agarose gel assay, 
as multiple sites of nicking would relax the supercoils in the plasmid inhibiting DNA breathing 
and unwinding and increase the likelihood that the DNA would become linearised.  
In the presence of the highest concentration of ORC (30 nM), XmnI digestion revealed a new 
band, indicating DNA unwinding in the bacterial origin, but not ARS1 (Figure 3.2 A; lane 9). 
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ORC binding outside of ARS1 is not unexpected as ORC is promiscuous and will bind DNA 
sequences other than origins (Speck and Stillman, 2007). Breaking of A-T pairings requires 
less energy than G-C pairings, as they contain two hydrogen bonds linking them compared 
with three for G-C pairs (Lewin, 2000). Analysis of the sequences of oriC and ARS1 using an 
online tool (http://www.basic.northwestern.edu/biotools/oligocalc.html) showed that ARS1 
should require less energy to melt than oriC, as ARS1 is 72 % A-T and oriC is 45 % A-T. This 
means that ORC does not preferentially unwind oriC because it is energetically easier. 
However, it may be that oriC has a specific structure that increases ORC binding and facilitates 
DNA unwinding.  
Establishment of primer extension method 
The limited resolution of the nuclease P1 agarose gel assay meant that it was abandoned in 
favour of footprinting, where single base resolution can be achieved. However, analysis of a 
circular plasmid DNA required establishment of a primer extension technique. Primer 
extension is a critical stage of all footprinting techniques carried out on a plasmid and the 
method needed to be robust, providing both sensitivity and reproducibility. A published 
method (Hwang and Kornberg, 1992) was taken as a starting point, but required considerable 
optimisation. During the course of the optimisation three variables were identified that made 
significant contributions to assay sensitivity and reproducibility.  
Klenow polymerase cannot extend supercoiled DNA effectively and therefore the DNA must 
be linearised prior to extension. Several restriction enzymes were evaluated for this purpose, 
using digest conditions recommended by the manufacturer. Digestion in this manner resulted in 
extensive nicking of the DNA and high background for all enzymes tested. The amount of each 
enzyme and digestion time was decreased and revealed that some enzymes substantially 
outperformed others. For example, AflIII generated a large number of nicks resulting in high 
background, even at low concentrations with short incubation periods (data not shown). This 
degree of disparity between enzymes was unexpected and meant that the restriction enzyme 
selected for plasmid linearisation needed to be carefully tested for each new plasmid substrate 
required.          
It is common practice to load DNA on to urea polyacrylamide gels in a formamide-containing 
sequencing gel loading buffer. However, this was not effectively able to dissolve DNA pellets 
following phenol-chloroform extraction. This was demonstrated to be the main cause of intra- 
and inter-assay variability (data not shown). It was determined that solubility was improved if 
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the DNA pellets were soaked with 2 μl EB (10 mM Tris-HCl pH 8.5) prior to the addition of 
sequencing gel loading buffer. This too was an unexpected critical variable, as formamide 
sequencing gel loading buffer had been used successfully for a footprint with a short linear 
DNA fragment (Speck et al., 2005).  
During this and another investigation (J. Baxter, personal communication) it was determined 
that pre-mixed phenol-chloroform-isoamylalcohol prevented removal of salts, such as EDTA, 
from the DNA mixtures. This was important as many enzymes, including restriction enzymes 
and polymerases, are salt-sensitive. Sodium acetate is added to DNA in order to aid its 
precipitation following phenol-chloroform extraction and EDTA is often added following 
footprinting reactions, especially those that generate divalent cations, such as KMnO4. 
However, the residual sodium acetate and EDTA that precipitated with the DNA inhibited the 
restriction enzyme and polymerase required for primer extension. To circumvent this problem 
DNA extraction was carried out using phenol pH 8.0 then chloroform and DNA was 
precipitated in the presence of glycogen instead of sodium acetate.  
Establishment of a primer extension protocol suitable for detection of DNA unwinding using 
footprinting techniques proved to be more challenging than initially expected. However, a 
systematic approach allowed the identification of factors that were responsible for variability 
and inefficiency within the method.  
Analysis of ORC∙Cdc6-mediated DNA unwinding using nuclease P1 footprinting 
Nuclease P1 footprinting has been effectively used to map initial DNA unwinding in bacteria 
carried out by DnaA and HU (Bramhill and Kornberg, 1988; Hwang and Kornberg, 1992; 
Speck and Messer, 2001). Initial experiments failed to show any ORC∙Cdc6-specific nuclease 
sensitive sites (Figure 3.6). However, interpretation of the data was complicated due to the lack 
of a positive control. A positive control would confirm that the nuclease P1 was sufficiently 
active for use in this assay. It was shown to be active in the agarose gel assays (Section 3.1.1), 
but that was not confirmation that it would also be effective in a footprinting assay. In addition, 
a positive control would confirm that the primer extension was working optimally and not 
preventing detection of DNA unwinding.  It was decided not to work any further with the yeast 
plasmid until the method was established with the bacterial system.  Nuclease P1 footprinting 
was carried out with purified DnaA and HU on a plasmid containing the bacterial origin oriC 
(Figure 3.8). This demonstrated that nuclease P1 was relatively inactive under the experimental 
conditions, as DNA unwinding was only detected when 20 U of nuclease was added. The 
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buffer conditions may have inhibited nuclease P1, as nuclease P1 functions better at a slightly 
acidic pH (Desai and Shankar, 2003; Gite and Shankar, 1995). However, this is unlikely 
because published protocols (Bramhill and Kornberg, 1988; Hwang and Kornberg, 1992; 
Speck and Messer, 2001) used very similar buffers to those implemented in this project. As in 
this investigation, all three publications used a HEPES-KOH pH 7.6 buffer with magnesium 
acetate and BSA. Although, the studies differed in the amount of magnesium, BSA and salt, all 
components of the buffer in this study were used in similar ranges to those published. 
Moreover assay conditions including, reaction volume, protein concentration, incubation time 
and temperature were within similar ranges. Furthermore, the buffer used in this study has been 
used to detect unwinding by DnaA using KMnO4 (Krause et al., 1997). Finally, the published 
studies used at least 20 times less nuclease P1 than required to detect unwinding in this 
investigation (Bramhill and Kornberg, 1988; Hwang and Kornberg, 1992; Speck and Messer, 
2001). Taken together the data suggested that an alternative source of nuclease P1 should be 
investigated. An alternative nuclease P1 was found from the Yamasa Corporation and has been 
used in studies examining DNA unwinding in bacteria and yeast (Kawakami et al., 2005; 
Kowalski et al., 1988; Natale et al., 1993). However, it was very expensive and concern was 
growing that nuclease P1 might lack the intrinsic sensitivity required to detect small amounts 
of unwinding. Nuclease P1 performs better on longer stretches of unwound DNA and cannot 
detect fewer than three unwound bases (Naik and Raghavan, 2008). Furthermore, nuclease P1 
is an enzyme and therefore significantly larger than chemical probes, meaning it may have 
difficultly accessing unwound DNA sequestered within protein complexes. Given the costs 
associated with pursuing this avenue and the ready availability of the cheaper and more 
sensitive KMnO4, it was decided not to continue with the nuclease P1 footprints and continue 
with KMnO4.       
KMnO4 
KMnO4 is a small molecule that can detect a single unwound base (Naik and Raghavan, 2008). 
It reacts with unpaired thymines, rendering them sensitive to treatment with a strong base. 
KMnO4 can also react with unpaired cytosines (C) and to a lesser extent guanines (G) or 
adenines (A) (Deeble et al., 1997; Gogos et al., 1990; Rubin and Schmid, 1980). In an alkaline 
environment, the phosphate backbone of the DNA breaks at the modified residues. Nuclease 
P1 was initially chosen over KMnO4 because it does not have an influence on proteins when 
added to the reaction, whereas KMnO4 is a strong oxidising agent, which will inactivate 
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proteins (Kahl and Paule, 2001). However, the rapidity of the KMnO4 reaction with DNA 
usually negates its effect on proteins.  
Analysis of ORC∙Cdc6-mediated unwinding using KMnO4 footprinting 
Initial experiments with ORC∙Cdc6 failed to demonstrate any permanganate-reactivity in ARS1 
as a result of ORC∙Cdc6 complex formation (Figure 3.9). Therefore, DnaA/HU reactions were 
completed in the ORC∙Cdc6 binding buffer to confirm its compatibility with the generation and 
detection of permanganate-reactive sites in ARS1. DNA unwinding was evident with DnaA and 
HU, but the signal was weak (Figure 3.10 A), indicating that the buffer conditions were 
inhibiting either DnaA/HU or KMnO4. Both potassium glutamate and DTT were identified as 
potential inhibitors of DNA unwinding and KMnO4 respectively. Sodium chloride inhibits 
DNA unwinding in a concentration-dependent manner (Bowater et al., 1994). Potassium 
glutamate is also a salt and therefore has the potential to inhibit unwinding. DTT is a reducing 
agent and can therefore inactivate KMnO4. Subsequently, DNA unwinding by DnaA and HU 
was restored when the reactions were performed in the presence of 25 mM potassium 
glutamate and without DTT (Figure 3.10 B). ORC∙Cdc6 binding was still permitted under 
these conditions (Speck et al., 2005 and data not shown).  However, ORC∙Cdc6 still did not 
produce any regions of permanganate reactivity in ARS1 (Figure 3.11).  
ORC, Cdc6 and DnaA are all members of the AAA+ family of ATPases and share key 
structural features. In particular, like DnaA, ORC and Cdc6 from archaea and all eukaryotes 
retain a AAA+ domain for ATP binding and hydrolysis and at least one WHD or HTH for 
DNA binding (Gajiwala and Burley, 2000; Giraldo and Diaz-Orejas, 2001; Liu et al., 2000; 
Speck et al., 2005). Furthermore, bacterial DnaA and some archaeal Orc carry out untwisting, 
melting and/or initial DNA unwinding (Bramhill and Kornberg, 1988; Dueber et al., 2007; 
Gaudier et al., 2007; Grainge et al., 2006; Hwang and Kornberg, 1992; Krause and Messer, 
1999; Krause et al., 1997). A key requirement for DNA unwinding by DnaA is wrapping of the 
origin DNA around multiple DnaA molecules. Archaeal Orc uses the WHD to deform DNA 
(Dueber et al., 2007; Gaudier et al., 2007). Given that ORC∙Cdc6 wrap DNA (Speck et al., 
2005) and possess the same WHD as their archaeal equivalents, it was possible that ORC∙Cdc6 
could also carry out initial DNA unwinding to prepare for MCM2-7 helicase loading.  
In summary, given that no unwinding by ORC∙Cdc6 was detected by any method in this 
chapter it must be concluded that despite their structural similarities to DnaA and archaeal Orc, 
budding yeast ORC and Cdc6 do not perform equivalent functions regarding DNA unwinding. 
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Once the ORC∙Cdc6 footprints had been completed, further evidence came to light that 
supported the demonstrated lack of DNA unwinding. Pre-RC formation was reconstituted in 
vitro by two independent groups and showed that MCM2-7 is loaded on to dsDNA (Evrin et 
al., 2009; Remus et al., 2009). Consequently, the degree of structural similarity between 
initiators from the three domains of life must serve another purpose than to facilitate DNA 
unwinding prior to helicase loading.  
In many respects, eukaryotes more closely resemble archaea than bacteria. For example, their 
initiator proteins are more closely conserved in sequence to archaeal than bacterial proteins, 
although all three domains contain initiator proteins with similar structural elements. Analysis 
of archaeal initiators indicates that although they primarily recognise specific origin sequences, 
once bound they are less reliant on sequence-specific contacts with DNA than their bacterial 
counterparts (Dueber et al., 2011; Fujikawa et al., 2003). This is especially significant if it is 
considered that all eukaryotic origins (except budding yeast) lack highly conserved sequence 
elements. Therefore, the purpose of the sequence and structural conservation between 
eukaryotic and archaeal ORC and Cdc6 may be for origin recognition and binding rather than 
unwinding. On the other hand, most archaea lack a Cdt1-like protein and it may be that 
ORC∙Cdc6 do participate in melting and/or initial DNA unwinding, but they require Cdt1 and 
possibly MCM2-7 to do so.   
Significance of permanganate-reactivity following MCM2-7 loading  
Establishment of an in vitro assay for MCM2-7 helicase loading provided a new opportunity 
for this study and paved the way for the investigation of the requirement for DNA melting 
and/or initial unwinding during or as a result of MCM2-7 loading. There is an absolute 
requirement for initial DNA unwinding prior to processive helicase activity. Given that no 
melting or initial unwinding was detected in the presence of ORC∙Cdc6, these events must 
occur either during helicase loading or as part of helicase activation. Although MCM2-7 is 
loaded on to dsDNA this does not preclude the possibility that the action of loading generates 
localised melting, bending or unwinding. Indeed, the viral E1 helicase is loaded on to dsDNA 
and melts DNA before it is activated. Only during helicase activation does E1 produce initial 
DNA unwinding (Liu et al., 2007; Schuck and Stenlund, 2005a, b). 
The complete pre-RC produced two separate regions of permanganate-reactivity on the A-rich 
strand, one within the B2 element and one above the B3 element. Appearance of these sites 
relied on the entire pre-RC and loaded MCM2-7. No permanganate-reactivity occurred if any 
Chapter 3 - DNA unwinding during pre-RC formation 
112 
 
single pre-RC component was excluded from the reaction or if MCM2-7 loading was blocked 
with ATPγS.  Phosphorylation of the pre-RC with the two S phase kinases S-CDK and DDK 
slightly amplified the signal at KMnO4-reactive sites and revealed two additional sites. The 
significance of these sites for helicase activation remains to be determined.  
Permanganate-reactivity was limited to the A-rich strand of ARS1. Previous studies have 
shown the two strands of ARS1 are not equally reactive to modifying agents, such as KMnO4 
and micrococcal nuclease (Geraghty et al., 2000; Lee and Bell, 1997).  However, this 
asymmetry may also have a biological purpose. ORC does not bind both strands equally (Lee 
and Bell, 1997) and ORC∙Cdc6 produce a stronger DNaseI footprint on the T-rich strand 
(Speck et al., 2005, Figure 3.2 and data not shown). It is possible that accessibility of the 
T-rich strand may be further reduced if the pre-RC also favourably protects this strand. 
Alternatively, changes may occur on the T-rich strand, but the DNA is sequestered within the 
large protein complex and inaccessible to KMnO4.  
A previous study by Geraghty et. al (2000) revealed a single KMnO4-reactive base in the A 
element of the T-rich strand of ARS1, following in vivo KMnO4 footprinting using S phase 
cells arrested after the activation of DDK. This reactive site was not observed here and may 
reflect differences in experimental design. First, this project used ARS1 contained on a plasmid, 
but Geraghty and colleagues targeted chromosomal ARS1, which has a different pattern of 
initiation than episomal ARS1. The transition point, the point at which replication switches 
from discontinuous to continuous, is not at the same position on both substrates. In addition, 
there are more start sites of DNA synthesis on a plasmid containing ARS1 than at ARS1 in its 
chromosomal context. These extra sites may reflect a reduced potential for DNA unwinding at 
chromosomal ARS1 due to the presence of chromatin structures that are absent in the episomal 
ARS1 (Bielinsky and Gerbi, 1998, 1999). The in vitro pre-RC assembly assay used to generate 
the signal in Figure 3.13 produces a pre-RC with all the characteristics of pre-RC formed in 
vivo, in that it is ORC∙Cdc6, Cdt1 and ATP-dependent and the loaded MCM2-7 encircle DNA, 
as demonstrated by resistance to high salt (Evrin et al., 2009; Remus et al., 2009). Therefore, it 
has the potential to produce topological changes in the DNA equivalent to those carried out in 
vivo. However, the in vitro assay differs from the assay used by Geraghty and colleagues 
because only S-CDK and DDK were added to the pre-RC, whereas in vivo pre-RC 
components, particularly MCM2-7, are targets of other kinases and these may influence the 
pattern of unwinding (Francis et al., 2009; Labib, 2010; Randell et al., 2010). Moreover, given 
the information above, if the DNA distortion detected by Geraghty and colleagues and in 
Chapter 3 - DNA unwinding during pre-RC formation 
113 
 
Figure 3.13 is transient then the differences in position may reflect the situation at two different 
stages of initiation.  
Residues exhibiting KMnO4-reactivity were located at the edge of the B2 element. Detection of 
KMnO4-reactivity in the B2 element was not unexpected, as it contains the DUE. However, the 
reactive site does not map to any of the previously identified start sites of DNA synthesis for 
episomal ARS1 (Bielinsky and Gerbi, 1998), nor does it correspond to the transition point for 
either episomal or chromosomal ARS1 (Bielinsky and Gerbi, 1999). However, there are several 
start sites of DNA synthesis close to the reactive site identified in Figure 3.13 (Bielinsky and 
Gerbi, 1998). Therefore, B2 represents a biologically relevant region of ARS1 with respect to 
DNA unwinding, as it contains the DUE (DePamphilis, 2006) and several start sites for DNA 
synthesis in an episomal context (Bielinsky and Gerbi, 1999). However, the physiological 
significance of the KMnO4-reactivity in B2 identified here is uncertain and will require further 
characterisation, to determine the proteins involved and how the pattern of reactivity develops 
as initiation progresses. Interestingly, GST-Sld3 pull-down assays have shown that this region 
of ARS1 is preferentially bound by Sld3. When the A-rich and T-rich strands were tested 
separately the A-rich strand was pulled down more effectively (Bruck and Kaplan, 2011b). 
Given that this assay was carried with a small fragment of ARS1 and in the absence of other 
proteins, the physiological relevance is uncertain, but it further suggests that the 
permanganate-reactive area of ARS1 in B2 on the A-rich strand identified in Figure 3.13 may 
be important for downstream initiation events.  
Reactivity with KMnO4 above the B3 region was not predicted. However, Cdc6 extends the 
ORC DNaseI footprint towards the B3 element on the T-rich strand of supercoiled DNA 
(Figure 3.3; lanes 8-11). The extended DNaseI footprint in the B3 region reflects a 
Cdc6-dependent DNA remodelling event that may be required for MCM2-7 loading and 
permanganate-reactivity in this area following MCM2-7 loading may reflect a second 
remodelling event that creates DNA melting or distortion. There is approximately 128 bp 
between the two reactive sites, but it is difficult to exactly pinpoint the reactive bases above B3 
as they are a long way from the primer binding site. Higher resolution mapping of these bases 
will require the use of a primer closer to the reactive site, binding between the B1 and B2 
elements on the same strand as the existing primer.  
The distance between the two reactive sites is interesting and may be indicative of two models 
for MCM2-7 loading. Given that one double hexamer of budding yeast MCM2-7 covers about 
62 base pairs of DNA (Evrin et al., 2009), two double hexamers could fit between the two 
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KMnO4-reactive sites. One way this could be achieved is through reiterative loading, with one 
reactive site generated by each double hexamer loaded. Multiple loading events can be 
achieved using the in vitro pre-RC assembly assay and most MCM2-7 remain close to the 
origin in the absence of a high salt wash (Evrin et al., 2009; Evrin and Speck, unpublished). 
Alternatively, there may be two possible loading sites for MCM2-7 double hexamers within 
ARS1. 
It is likely that the MCM2-7 double hexamer is responsible for the DNA distortion detected in 
Figure 3.13, as KMnO4-reactivity is absent in the presence of ATPγS (Figure 3.14), where the 
double hexamer does not form (Evrin et al., 2009; Evrin and Speck, unpublished; Remus et al., 
2009). Structural studies from both archaeal and viral systems may offer some insight into the 
nature and cause of the distortion observed here. Hexameric helicases encompassing those 
from viruses, archaea and eukaryotes have conserved structural elements called β-hairpins that 
contact the DNA. It is important to remember that all helicases described here, except 
MCM2-7, are homohexameric helicases composed of identical subunits and therefore 
mutations in the β-hairpins will affect all subunits simultaneously, whereas MCM2-7 
β-hairpins can be analysed individually. The β-hairpins contain at least two key basic residues 
and overall the β-hairpins contribute to the positive charge of the central channel of the 
hexameric helicases (Fletcher et al., 2003; Leon et al., 2008; Li et al., 2003; Schuck and 
Stenlund, 2005a; Figure 3.15 A). SV40 TAg (Li et al., 2003; Shen et al., 2005), Papillomavirus 
E1 (Enemark and Joshua-Tor, 2006; Schuck and Stenlund, 2005a, b), archaeal Mcm and 
eukaryotic MCM2-7 (Fletcher et al., 2003; Leon et al., 2008; McGeoch et al., 2005) have at 
least two β-hairpins, one at the N-terminus (N-terminal hairpin) and one towards the 
C-terminus (pre-sensor hairpin) that protrude into the central channel of the hexamer. The 
N-terminal β-hairpins extending into the central channel of the Methanobacterium 
thermoautotrophicum are clearly visible in the crystal structure of the N-terminus (Figure 3.15 
B) (Fletcher et al., 2003).  The β-hairpins are required for DNA binding and helicase activity 
(Fletcher et al., 2003; McGeoch et al., 2005; Shen et al., 2005), although the relative 
importance of the N-terminal and pre-sensor hairpins varies between species. In M. 
thermoautotrophicum the N-terminal hairpin is required for DNA binding (Fletcher et al., 
2003), but in Sulfolobus solfataricus DNA binding is reduced, but not abolished, in an 
N-terminal β-hairpin mutant (McGeoch et al., 2005). In SV40 (Gai et al., 2004; Shen et al., 
2005) and S. solfataricus (McGeoch et al., 2005) the pre-sensor hairpins are required for 
helicase activity as well as DNA binding.  
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The β-hairpins of the E1 helicase are responsible for melting and initial unwinding of the 
origin, as they interact directly with the DNA and untwist it in an ATP-dependent manner. If 
the β-hairpins are thought of as levers or fingers that require ATP binding and hydrolysis to 
move back and forth then it is possible to visualise how they might prise apart the duplex and 
subsequently propel the helicase along DNA. Although the active E1 helicase is hexameric, E1 
initially binds dsDNA as a double trimer (two trimers head to head) and has melting activity. 
To activate the helicase the trimers are each remodelled to a hexamer and during this process 
origin DNA is unwound and placed in the central channel of the resultant double hexamer, 
allowing for sustained unwinding (Liu et al., 2007; Schuck and Stenlund, 2005a). The DNA 
remodelling carried out by the E1 β-hairpins requires two critical basic amino acids, H507 and 
K506. Both H507 and K506 are responsible for melting DNA. However, only the K506 is 
required for helicase activity (Liu et al., 2007; Schuck and Stenlund, 2005a). Using archaeal 
Mcm structures as a guide, similar mutations have been made in budding yeast Mcm5 and 
Mcm4. Mutations in the β-hairpins of both subunits simultaneously were lethal, but mutation 
of the Mcm5 β-hairpin caused defective MCM2-7 DNA binding and inhibited initiation of 
replication (Leon et al., 2008). The data indicate that the β-hairpins of MCM2-7 are very 
important for the initiation of replication and may perform a role in melting DNA in 
preparation for helicase activation, as is the case for E1. If MCM2-7 function analogously to 
E1 then loaded double hexameric MCM2-7 in the context of the pre-RC would perform the 
role of the E1 double trimer in melting DNA. Later, in the context of the CMG, the β-hairpins 
of the activated single hexameric MCM2-7 could carry out sustained unwinding, as is the case 
for the E1 double hexamer (Enemark and Joshua-Tor, 2006). However, it should be noted that 
β-hairpin-driven helicase activity also occurs in the TAg double hexameric helicase, so 
helicase splitting is not essential for β-hairpin-mediated DNA unwinding (Gai et al., 2004; Li 
et al., 2003).  
In summary, the KMnO4-reactivity produced by the pre-RC (Figure 3.13) could reflect an 
intrinsic ability of the loaded MCM2-7 to distort DNA, via their β-hairpins. However, the 
double hexamer could restrain this activity ensuring that helicase activation only occurs after 
hexamer splitting and/or the recruitment of helicase accessory factors, such as Cdc45 and 
GINS. 
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Figure 3.15: β-hairpins from archaeal Mcm and their role in DNA unwinding 
Overview of β-hairpin structure and position in the context of the active helicase at the 
replication fork in archaea. (A) Space filling model of the end view of the N-terminal domain 
of M. thermoautotrophicum Mcm, showing enrichment of positively charged amino acids 
(blue) in the central channel. Areas of negative charge are red. (B) Ribbon diagram of the 
N-terminal domain of M. thermoautotrophicum Mcm, showing the β-hairpins protruding into 
the central channel. The red 9 and 10 indicate the β-sheets within the Mcm secondary structure 
that form the β-hairpin (adapted from Fletcher et al., 2003).   
Chapter 3 - DNA unwinding during pre-RC formation 
117 
 
Melting or distortion carried out during or as a result of MCM2-7 loading could be important 
for CMG formation during MCM2-7 helicase activation. For example, although in vitro 
reconstitution of initiation of replication using S phase extracts showed sustained unwinding, 
as measured by RPA binding, is not required for GINS recruitment to origins (Heller et al., 
2011), GST pull-down assays showed that GINS interacts better with MCM2-7 in the presence 
of ssDNA (Bruck and Kaplan, 2011b). However, it should be kept in mind that the pull-downs 
were carried out with a very small fragment of ARS1 and in the absence of other pre-RC or 
pre-IC proteins. Nevertheless, DNA melting or distortion created during MCM2-7 loading 
could be one way in which pre-IC components are targeted to MCM2-7 at the appropriate time. 
This could also explain why the KMnO4-reactive sites do not map either the transition point or 
other start sites for DNA synthesis, as they represent an earlier stage of the initiation process 
before the MCM2-7 helicase is fully activated.  
The slight increase in signal observed with DDK and S-CDK and the appearance of two 
additional sites of permanganate-reactivity (Figure 3.13; compare lanes 21-24 with lane 20) 
could reflect a phosphorylation-induced structural change in MCM2-7 that alters the position 
of the β-hairpins on the DNA. This is not without precedent. Mcm5-bob-1, is a mutation that 
substitutes a proline for a leucine in the N-terminus of Mcm5 removing the requirement for 
DDK activity prior to onset of S phase (Hardy et al., 1997). The proline is highly conserved 
between eukaryotic and archaeal Mcm and is part of a very similar structure in all species. A 
crystal structure of the N-terminus of M. thermoautotrophicum Mcm with this proline mutated 
reveals a modest conformational change, with part of the N-terminus pushed away from the 
rest of the molecule (Fletcher et al., 2003). This may be the structural change normally realised 
by DDK phosphorylation of MCM2-7 and may manoeuvre the β-hairpins so that they are 
better able to untwist and melt DNA. MCM2-7 is subjected to multiple phosphorylation events 
during initiation by kinases including, DDK, Mec1 and possibly others, such as casein kinase 
(Bell and Dutta, 2002; Francis et al., 2009; Labib, 2010; Randell et al., 2010).  In addition, the 
Speck group have shown that S-CDK targets loaded MCM2-7 in vitro (Zech and Speck, 
unpublished). Some of these phosphorylation events may result in further structural changes, 
which allow helicase activation. Possibly by further increasing β-hairpin/DNA contacts and/or 
stimulating the ATPase activity of MCM2-7 that drives the helicase motor (Bochman et al., 
2008; Bochman and Schwacha, 2008; Chong et al., 2000).       
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Future work 
The KMnO4-reactive sites generated by the pre-RC (Figure 3.13) are interesting, but require 
further characterisation and confirmation by alternative methods. Identifying the position of 
MCM2-7 within the pre-RC would help to determine whether it is in contact with the same 
parts of ARS1 that are KMnO4-reactive. Furthermore, understanding the role of key MCM2-7 
domains in generating DNA melting or distortion would make the biological relevance of such 
activity easier to discern. Moreover, insight into the purpose of the two separate 
KMnO4-reactive sites would allow reiterative loading events at a single site to be distinguished 
from loading events at two sites. Finally, topological changes in DNA due to the pre-RC 
observed in Figure 3.13 need to be confirmed by other methods, to increase confidence in the 
relevance of the signal seen in this project.  
Determination of the position of MCM2-7 on ARS1 relative to ORC∙Cdc6 could be achieved 
using DNaseI footprinting. The place at which MCM2-7 initially binds should be possible to 
visualise if DNaseI footprinting is carried out on the complex formed in the presence of 
ATPγS. However, in the presence of ATP, MCM2-7 may be able to move on DNA once 
loaded, which would either prevent a visible footprint or make the footprint difficult to 
interpret. Crosslinking the proteins to the DNA would circumvent this problem if MCM2-7 
loading takes place at the same place on each DNA molecule, but if not then there will still not 
be a visible footprint. In this case it may be possible to omit DNaseI and instead modify 
MCM2-7 so that it contains a chemical nuclease which, when it contacts DNA, will introduce a 
cut. This method has been used to map the binding of a bacterial protein, HU, that binds DNA 
with no sequence preference (Lavoie and Chaconas, 1993). Once the bases contacted by 
MCM2-7 have been established, it will be possible to link MCM2-7 with the KMnO4-reactive 
bases. If there is a clear link between MCM2-7 binding sites and KMnO4-reactivity then the 
next logical step would be to generate mutations in the ATPase domains and β-hairpins of 
MCM2-7 to determine their effect on both MCM2-7 binding and DNA distortion. This would 
reveal the role of ATP binding and hydrolysis in DNA remodelling. In addition, it would show 
whether the β-hairpins are indeed causing the KMnO4-reactivity detected in Figure 3.13, as 
discussed above.  
It should be possible to determine the relevance of the two distinct positions of 
KMnO4-reactivity generated by the pre-RC (Figure 3.13) using ORC4R. ORC4R is an ORC 
ATPase mutant that allows a single MCM2-7 loading event, compared with reiterative loading 
carried out by the wild-type ORC (Bowers et al., 2004). If there are two alternative loading 
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sites for MCM2-7 then the pattern of KMnO4-reactivity generated with ORC4R will be the 
same as with the wild-type, as a single loading event at either site will remodel the DNA. 
However, if the two sites reflect two separate loading events at the same site, then one 
KMnO4-reactive area will disappear in the presence of ORC4R. If reiterative loading at one 
site occurs it is likely that the first double hexamer could be pushed along the origin by the 
second generating two sites of DNA distortion.  
There are several methods available for monitoring the topological state of DNA, such as the U 
form assay (Dean et al., 1987; Lin et al., 2002; Liu et al., 2007) and single molecule analysis 
techniques, such as magnetic tweezers (Kapanidis and Strick, 2009). In addition, crystallisation 
of domains of MCM2-7 with or without DNA, would allow visualisation of residues involved 
in DNA melting and unwinding.  
The U form assay has been used successfully to track DNA unwinding carried out by the E1 
and TAg viral helicases. The U form assay detects DNA unwinding as a fast-migrating 
underwound form of the template plasmid when analysed on an agarose gel. This 
fast-migrating species, referred to as U form, is extremely negatively supercoiled and contains 
a high proportion of ssDNA (Dean et al., 1987; Lin et al., 2002; Liu et al., 2007), meaning that 
ethidium bromide intercalates poorly with it compared to relaxed DNA and therefore the 
retardation in the gel caused by ethidium bromide incorporation is decreased. The plasmid that 
is to be analysed is incubated with topoisomerase in order to relax all the supercoils it contains. 
It is then incubated with the candidate proteins predicted to unwind the plasmid, as well as 
topoisomerase I and, optionally, single stranded DNA binding protein. If the candidate proteins 
unwind the plasmid, then in the presence of topoisomerase I it will be converted to the fast 
migrating U form. This assay would be simple to try with the pre-RC, as the samples could be 
prepared as for the KMnO4 footprints, but in the presence of topoisomerase I and possibly RPA 
or SSB. The purified pUC19-ARS1 plasmid could then be loaded on to an agarose gel and 
analysed for altered mobility in the presence of different combinations of pre-RC proteins. Any 
mutants tested in the DNaseI and KMnO4 footprints outlined above could also be tested in this 
assay.  The major strength of the U form assay is that does not discriminate against any DNA 
sequence. However, it does require a minimum amount of unwinding to generate enough 
negative supercoils to produce the U form species. If the DNA unwinding is not extensive 
enough then the U form assay will not be able to detect it.  
Single molecule analysis would provide further information about the DNA remodelling 
carried out by the pre-RC. Single molecule analysis examines one plasmid∙protein complex at a 
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time and allows tracking of the topology of the DNA in real time. The advantage of single 
molecule analysis is that it allows tracking of even transient remodelling events. It would 
facilitate characterisation of the remodelling that was detected in Figure 3.13 to reveal how 
long it takes to appear and how stable it is. The Speck group has formed a collaboration with 
the Strick Group (Institute Jacques Monod/CNRS, Paris, France). The Strick group use a 
magnetic tweezers approach to single molecule analysis. Here the pUC19-ARS1 plasmid would 
be immobilised on magnetic beads and stretched across the tweezers. The pre-RC would be 
formed on this substrate and protein-induced topological changes measured as torsional 
changes in the DNA (reviewed in Kapanidis and Strick, 2009). This approach would allow the 
detection of even a single unwound base, providing that the unwinding event occurred in a 
large enough proportion of molecules in any given sample. Each magnetic tweezers assay can 
scan twenty to thirty molecules, therefore as long as DNA unwinding occurs in about one in 
twenty molecules it will provide a sensitive technique for analysing the DNA distortion 
observed in Figure 3.13 (T. Strick, personal communication).  
Crystal structures, in the presence and absence of DNA, have been obtained for archaeal Mcm 
and viral helicases (Brewster et al., 2008; Enemark and Joshua-Tor, 2006; Fletcher et al., 2003; 
Gai et al., 2004; Li et al., 2003; McGeoch et al., 2005). Crystal structures of either intact or 
truncated MCM2-7 would confirm the location of β-hairpins in the central channel and their 
interaction with DNA. It could also allow visualisation of mutation (Leon et al., 2008) and 
kinase driven structural changes. Whilst crystal structures can provide very high resolution 
information, eukaryotic MCM2-7 have yet to be successfully crystallised (reviewed in 
Singleton et al., 2007) and the double hexamer is only formed during pre-RC formation (Evrin 
et al., 2009; Remus et al., 2009) meaning that it will be difficult to generate enough material 
for crystallisation. Therefore, that this approach should only be considered alongside the two 
alternative methods described above and would be a very ambitious task. 
Summary 
The work carried out in this chapter focused on DNA remodelling events that occur during 
pre-RC formation. ORC∙Cdc6 are not responsible for melting or initial unwinding prior to 
MCM2-7 loading. This was demonstrated directly during this project by a lack of nuclease P1 
and KMnO4-reactivity in ARS1 following ORC∙Cdc6 binding and indirectly by another 
member of the Speck group following in vitro reconstitution of the pre-RC, which showed 
MCM2-7 are loaded on dsDNA (Evrin et al., 2009). DNA remodelling carried out during 
pre-RC formation was analysed following the development of a novel MCM2-7 purification 
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process and pre-RC assembly assay by the Speck group. The pre-RC produced two distinct 
areas of KMnO4-reactivity on the A-rich strand in the presence of loaded MCM2-7. However, 
when MCM2-7 loading was prevented by performed the reaction in the presence of ATPγS the 
KMnO4-reactivity was absent, indicating that the MCM2-7 double hexamer loaded onto DNA 
is essential for DNA distortion. The biological significance of these remodelling events 
remains unclear. However, an experimental programme is outlined above that will allow 
further characterisation of DNA remodelling by the pre-RC and should provide information 
about the proteins responsible for remodelling and the role of these events in the initiation of 
replication.  
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4 Chapter 4 – DNA unwinding during helicase activation 
Duplex DNA must be unwound to allow the replication machinery access to each individual 
base in the molecule. DNA polymerases are responsible for faithfully duplicating the base 
sequence of each DNA strand during S phase. However, despite their requirement for an 
ssDNA template, very few polymerases are able to unwind dsDNA. In budding yeast, none of 
the three replicative polymerases act as a helicase (reviewed in Johansson and MacNeill, 2010; 
Kawasaki and Sugino, 2001; Kunkel and Burgers, 2008), indicating that some other protein(s) 
must carry out unwinding prior to polymerase activation.  
The sequence of events at origins during helicase activation and replisome formation is 
partially understood. At early firing origins Sld3 and Cdc45 bind weakly in late G1 (Aparicio 
et al., 1999; Kamimura et al., 2001; Kanemaki and Labib, 2006), perhaps directly interacting 
with MCM2-7. The MCM2-7 helicase remains inactive until cells enter S phase and activate 
DDK and S-CDK. DDK phosphorylates the N-terminal tails of Mcm2, Mcm4 and Mcm6 and 
probably induces a conformational change in MCM2-7 (Francis et al., 2009; Sheu and 
Stillman, 2006, 2010). These phosphorylation events may require the activity of other kinases, 
such as Mec1 (Francis et al., 2009; Randell et al., 2010). S-CDK is also required for MCM2-7 
activation, but its primary targets are Sld2 and Sld3 (Tanaka et al., 2007b; Zegerman and 
Diffley, 2007). Phosphorylated Sld2 binds Dpb11 to form the pre-LC along with GINS and 
pol ε (Muramatsu et al., 2010), whereas phosphorylated Sld3 recruits the pre-LC to origins by 
interacting with Dpb11. This leads to the stable formation of the CMG helicase, which 
unwinds the origin, creating ssDNA, which allows RPA binding (Ilves et al., 2010). After RPA 
is bound pol α primes the leading and lagging strands (Tanaka and Nasmyth, 1998; Walter and 
Newport, 2000). Subsequently, pol ε extends the leading strand and pol δ extends the lagging 
strand (Burgers, 2009; Nick McElhinny et al., 2008). Similar events are thought to occur at 
later origins, although with a slight delay, as Sld3 and Cdc45 do not bind stably to late origins 
until S phase is underway (reviewed in Labib, 2010).  
Understanding of the process of helicase activation and replisome formation is developing 
rapidly. However, several areas of ambiguity remain. One of the key events in this process that 
remains poorly understood is DNA unwinding. Although the CMG is likely to contain the 
active form of the MCM2-7 helicase (Aparicio et al., 2009; Gambus et al., 2006; Moyer et al., 
2006; Pacek et al., 2006), the requirements for ssDNA during CMG formation remain 
unknown, as does the identity of the protein(s) that are responsible for any melting or initial 
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unwinding prior to CMG function. In vitro data collected during this project demonstrated that 
loading of the MCM2-7 helicase resulted in distortion of ARS1 contained on a supercoiled 
plasmid (see Chapter 3). This distortion was dependent on loaded MCM2-7 and hinted that 
MCM2-7 could be involved in DNA melting and/or initial unwinding during initiation. 
However, investigation into the role of MCM2-7 and other proteins in DNA unwinding during 
helicase activation was not immediately possible due to the lack of a suitable assay. As a result, 
work in this chapter was aimed at developing an assay to further analyse origin remodelling 
and DNA unwinding during helicase activation and replisome formation. This assay is referred 
to as a helicase activation assay and required recapitulation of the events during pre-IC and 
replisome formation. This chapter will describe steps taken to develop this assay and describe 
preliminary data obtained. The complexes described in Sections 4.3.3 and 4.3.4 represent data 
collected in a very small number of experiments and this should be kept in mind when drawing 
conclusions from them. 
The helicase activation assays carried out in this section took advantage of the in vitro pre-RC 
assembly assay developed by the Speck group, where a pre-RC is formed on biotinylated 
pUC19-ARS1 plasmid immobilised on magnetic streptavidin beads (Evrin et al., 2009). This 
pre-RC was used as bait for pre-IC, pre-LC and replisome proteins. Not all of the proteins 
required for replisome formation were available in purified form; therefore the majority of 
proteins were supplied using an S phase extract. Protein binding was monitored by Western 
blotting. Initial experiments showed promise, but highlighted several areas for improvement. A 
large amount of work was undertaken to address the issues identified and will be described 
below. Subsequently, the modified assay was assessed for pre-RC-specific protein association 
and the results were encouraging. However, during the course of the experiments in this section 
it was demonstrated that DNA unwinding carried out by bacterial DnaA was inhibited if the 
reaction is carried out on a biotinylated plasmid immobilised on magnetic beads. 
Consequently, the pUC19-ARS1 plasmid was replaced by a 5 kb linear origin-containing 
fragment with a biotin at each end. DNA distortion and unwinding was detected using KMnO4 
in the pre-RC assembly assay, but whilst the helicase activation assay was being established 
this was impractical. Instead DNA unwinding and protein binding were monitored 
simultaneously by Western blotting. DNA unwinding during initiation is marked by RPA 
binding (Tanaka and Nasmyth, 1998; Walter and Newport, 2000). Therefore, RPA binding was 
selected as the measure of DNA unwinding in the helicase activation assay. After work 
described in this chapter was completed, the Bell group published a paper detailing a very 
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similar assay (Heller et al., 2011). Data in this chapter will be compared and contrasted with 
the work of Heller and colleagues and used to generate a programme of future work.   
4.1 Preliminary in vitro helicase activation assay development 
The steps of initiation of replication that follow pre-RC formation have been difficult to 
recapitulate in vitro because S phase is very strictly regulated in vivo (reviewed in Labib, 2010; 
also in Sclafani and Holzen, 2007) and many of the key proteins required are poorly expressed 
in cells (Ghaemmaghami et al., 2003) and difficult to purify.  
In order to ensure maximum release of DNA bound replication proteins into the soluble 
fraction, S phase extracts were produced using ammonium sulphate extraction. Ammonium 
sulphate is used to partially purify extracts and release DNA bound proteins into the soluble 
fraction to enrich proteins of interest (Simpson et al., 2009). Three different buffers (Buffer A, 
B and C) were supplemented with up to 20 % (v/v) ammonium sulphate and the release of 
Myc-Sld3, Cdc45 and Orc6 was measured by Western blotting (Table 4.1). Myc-Sld3 and 
Cdc45 are potentially limiting factors for replication (Ghaemmaghami et al., 2003). Orc6 was 
included as a control for extraction of a protein that is known to be DNA bound throughout the 
cell cycle (Bell and Stillman, 1992; Diffley and Cocker, 1992). Buffer A (100 mM 
HEPES-KOH pH 7.5, 300 mM potassium glutamate, 10 mM magnesium acetate, 50 µM zinc 
acetate, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 50 µM EDTA) is known to allow 
pre-RC assembly. It is the final buffer in the purification of MCM2-7 and the same buffer, with 
the potassium glutamate concentration reduced to 100 mM, is the binding buffer for the pre-RC 
assembly assay (Evrin et al., 2009). Buffer B (100 mM HEPES-KOH pH 7.5, 300 mM 
potassium glutamate, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 2 mM EDTA, 5 mM 
EGTA, 2.5 mM DTT) is a modified version of Buffer A. Removal of magnesium from the 
extraction buffer and high concentrations of EDTA and EGTA have been shown to increase the 
yield of DNA bound proteins in the soluble fraction (Schultz, 1999). Buffer C (100 mM 
HEPES-KOH pH 7.5, 300 mM potassium glutamate, 800 mM sorbitol, 2 mM EDTA, 5 mM 
EGTA, 2.5 mM DTT) is based on the buffer system used to generate extracts to analyse 
pre-RC formation (Seki and Diffley, 2000).  
Extraction with buffer A produced soluble Cdc45 and Orc6 in the presence of at least 
10 % (v/v) ammonium sulphate, with maximum soluble protein obtained with 20 % (v/v) 
ammonium sulphate. No Myc-Sld3 was detected under any condition tested (Table 4.1, Buffer 
A). Extraction with buffer B was improved over buffer A (Table 4.1, Buffer B), Myc-Sld3 was 
detected in the presence of 10 % (v/v) ammonium sulphate and Cdc45 was extracted equally 
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well under all conditions tested. The maximum amount of soluble Orc6 was extracted with 15 
and 20 % (v/v) ammonium sulphate. Buffer C performed similarly to buffer B (Table 4.1, 
Buffer C), but Buffer B was selected for use in subsequent experiments because it was the most 
similar to the well characterised pre-RC assembly assay buffer. The pre-RC assembly assay is 
required as part of the helicase activation assay and it was an advantage to maintain a single 
buffer system throughout the assay. In addition, it was decided that extracts would be produced 
in the presence of 10 % (v/v) ammonium sulphate. This was selected over 15 or 20 % because 
it was the only concentration that allowed detection of Myc-Sld3. Orc6 was optimally released 
with higher concentrations of ammonium sulphate, but it is supplied in purified form in the 
pre-RC assembly assay and therefore is not a critical component that must be supplied by the 
extract.  
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Table 4.1: Extraction of soluble protein from S phase-arrested budding yeast 
Protein solubility was measured by Western blotting of the supernatant and pellet after 
centrifugation in the presence of up to 20 % (w/v) ammonium sulphate in three buffers. Buffer 
A was: 100 mM HEPES-KOH pH 7.5, 300 mM potassium glutamate, 10 mM magnesium 
acetate, 50 µM zinc acetate, 10 % (v/v) glycerol, 0.1 % (v/v) Triton X-100, 50 µM EDTA. 
Buffer B was: 100 mM HEPES-KOH pH 7.5, 300 mM potassium glutamate, 10 % (v/v) 
glycerol, 0.1 % (v/v) Triton X-100, 2 mM EDTA, 5 mM EGTA, 2.5 mM DTT. Buffer C was: 
100 mM HEPES-KOH pH 7.5, 300 mM potassium glutamate, 800 mM sorbitol, 2 mM EDTA, 
5 mM EGTA, 2.5 mM DTT. Conditions where soluble protein was detected for each protein 
are indicated (+), the condition(s) that yielded the largest amount of soluble protein are marked 
(++), conditions that did not yield detectable soluble protein are marked (-). Myc-Sld3, Cdc45 
and Orc6 were detected by Western blotting. 
 
 
Buffer A 
 0 % 10 % 15 % 20 % 
Myc-Sld3 - - - - 
Cdc45 + + + ++ 
Orc6 - + + ++ 
 
Buffer B 
 0 % 10 % 15 % 20 % 
Myc-Sld3 - ++ - - 
Cdc45 ++ ++ ++ ++ 
Orc6 + + ++ ++ 
 
Buffer C 
 10 % 20 % 
Myc-Sld3 ++ - 
Cdc45 ++ ++ 
Orc6 + ++ 
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In addition to optimising the amount of soluble protein supplied by the S phase extract, this 
project implemented two methods to maximise the replication potential of the extracts used. 
First, MBP-Sld3 was over-expressed from a plasmid under the control of a galactose-inducible 
promoter because it is the least abundant protein required for initiation of replication 
(Ghaemmaghami et al., 2003; Table 4.2). MBP-Sld3 replaced Myc-Sld3 as it was more soluble 
and the MBP antibody available in the group was more sensitive than the Myc antibody (J. 
Zech, unpublished observations). Second, a W303 yeast strain containing ts-allele of CDC7 
(Cdc7-4) was used to generate the S phase extract. This facilitated cell cycle arrest before 
cellular replication, when S-CDK levels are elevated. DDK activity was restored to the extracts 
by the addition of purified protein.  
DDK is the main kinase thought to be responsible for the phosphorylation of loaded MCM2-7 
during helicase activation (Francis et al., 2009; Sheu and Stillman, 2006, 2010) and it is 
required throughout S phase (Bousset and Diffley, 1998; Donaldson et al., 1998). This means 
that it was vital that highly active DDK was purified during this project to complement the S 
phase extract generated using the Cdc7-4 allele.  
A novel purification process was developed in conjunction with another group member. An 
expression construct containing MBP-Myc-Dbf4/FLAG-Cdc7, with a PreScission protease site 
between the MBP and Myc tag, was used to express DDK for purification. A two step 
purification was tested, the tagged DDK was incubated with amylose resin to bind the MBP-
tag on Dbf4, eluted with maltose, bound to anti-FLAG beads and eluted with FLAG peptide. 
This yielded intact DDK, but it had limited activity. Analysis of kinase activity of the complex 
throughout the purification showed that activity was markedly decreased following incubation 
with the anti-FLAG beads (data not shown). This suggested that FLAG-Cdc7 was less active 
than the endogenous Cdc7. Consequently, the construct was modified using site-directed 
mutagenesis to remove the FLAG-tag from Cdc7. Given the impact of epitope tagging on 
Cdc7, the construct was also modified to remove the Myc-tag from Dbf4, to enable production 
of an untagged Dbf4 following cleavage of the MBP tag. The most active form of DDK 
contained untagged Dbf4 and Cdc7 (data not shown) and the purification was adapted to 
accommodate this.   
Yeast overexpressing MBP-Dbf4/Cdc7 were lysed and the resulting extract incubated with 
amylose resin. DDK was eluted by cleavage of MBP from Dbf4 using PreScission protease. 
PreScission protease has GST-tag and was removed from the eluted DDK by incubation with 
GST-agarose. The resulting complex contained Dbf4 and Cdc7 in a roughly stoichiometric 
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ratio (Figure 4.1 A).  However, during silver staining different polypeptides stain differently 
meaning that stoichiometry cannot be judged with absolute certainty from the gel shown. 
Nevertheless, the resulting DDK was able to phosphorylate loaded MCM2-7 (Figure 4.1 B) 
and was added to the S phase extracts to restore their DDK complement.  
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Figure 4.1: Purification and activity testing of DDK from yeast 
(A) Silver stained gel, showing purification of DDK (MBP-Dbf4, Cdc7). After freezer mill 
lysis the resulting extract was incubated with amylose resin. The bound DDK was rinsed once, 
washed with 1 M (wash 1), 400 mM (wash 2), 200 mM (wash 3), 400 mM (wash 4) sodium 
chloride then rinsed three times to remove protease inhibitors. PreScission protease was used to 
cleave the MBP-tag from Dbf4. Elutions 1-5 were pooled, concentrated using an Amicon 
centrifugal filter and incubated with GST-agarose to remove the PreScission protease. The 
flow through from the GST beads (GST FT, rinse 1, rinse 2) was pooled and stored. Arrows to 
the right of the gel indicate the position of MBP-Dbf4 (123.7 KDa), Dbf4 (80.7 KDa) and 
Cdc7 (58.3 KDa). Molecular weight (KDa) of individual polypeptides was compared to a 
Broad Range Marker indicated to the left of the gel. (B) Silver stained gel (top) and 
corresponding autoradiograph (bottom) showing DDK phosphorylation of MCM2-7 loaded on 
DNA. The pre-RC was formed using the pre-RC assembly assay, washed with high salt to 
remove ORC, Cdc6, Cdt1 and associated MCM2-7 and incubated in the absence (lane 1) or 
presence (lanes 2-7) of 1.25, 5, 20, 80 or 320 nM DDK. Individual Mcm subunits are indicated 
to the right of the silver gel. The phosphorylation assay was carried out by J. Zech. 
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Cdc45 and Sld3 are two of the first proteins to bind pre-RC at origins during S phase (Aparicio 
et al., 1999; Kamimura et al., 2001; Kanemaki and Labib, 2006) and Western blotting of these 
proteins was used to confirm that the early stages of helicase activation were underway. The 
Cdc45 antibody available in the group at this time had limited sensitivity and Cdc45 is not very 
abundant in the cell (Ghaemmaghami et al., 2003; Table 4.2), therefore purified GST-Cdc45 
was added to the extract to boost protein levels and allow detection of Cdc45 using both 
anti-Cdc45 and anti-GST antibodies. GINS and Dpb11 are recruited to the origin after the 
essential function of S-CDK has been completed (Muramatsu et al., 2010; Tanaka et al., 
2007b; Zegerman and Diffley, 2007). Dpb11 and the Psf3 subunit of GINS were detected by 
Western blotting to indicate that the pre-LC had been recruited and that all components of the 
CMG were localised at the origin. RPA binding was not monitored in these early experiments, 
as at this time only very limited quantities of anti-RPA antibody was available for use in the 
group.  
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Table 4.2: Intra-cellular abundance of pre-IC and pre-LC proteins in budding yeast 
Intra-cellular abundance of key pre-IC and pre-LC proteins determined by quantitative Western 
blotting. For some proteins blots were carried out in triplicate and the standard deviation 
calculated. Proteins that were not analysed in triplicate are indicated by NC, as the standard 
deviation was not calculated. Sld5 was not detectable by Western blotting (ND) and Psf2 blots 
were not suitable for quantification (NQ) (Data taken from Ghaemmaghami et al., 2003). 
 
 
Protein Molecules/cell 
Standard 
Deviation 
Sld3 1.25x10
2 
NC 
Mcm7 1.66x10
2
 NC 
Dpb11 5.40x10
2
 5.54 x10
1
 
Sld2 6.56x10
2
 NC 
Psf1 1.43x10
3
 NC 
Mcm2 1.69x10
3
 2.61 x10
2
 
Cdc45 1.73x10
3
 4.49 x10
2
 
Mcm10 1.86x10
3
 2.02 x10
2
 
Pol2 (pol ε) 1.97x103 NC 
Psf3 2.21x10
3
 NC 
Dpb2 (pol ε) 3.11x103 2.51x102 
Rfa1 4.10x10
3
 4.86 x10
2
 
Rfa3 4.28x10
3
 NC 
Rfa2 6.08x10
3
 NC 
Mcm4 8.80x10
3
 1.11 x10
3
 
Mcm5 1.03x10
4
 1.55 x10
3
 
Mcm6 1.34x10
4
 NC 
Mcm3 3.51x10
4
 5.54 x10
3
 
Sld5 ND NC 
Psf2 NQ NC 
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Extracts prepared as described above were used in helicase activation assays. Yeast containing 
the ts-allele of CDC7, Cdc7-4 and over-expressing Myc-Sld3 were arrested in G1 with α 
factor, released at the restrictive temperature and lysed in a freezer mill in the presence of 10 % 
(w/v) ammonium sulphate. The resulting extracts were desalted using G25 gel filtration spin 
columns, supplemented with purified GST-Cdc45, DDK and S-CDK and added to pre-formed 
pre-RC that had been phosphorylated with DDK and S-CDK. To determine the specificity of 
the resultant complexes, MCM2-7 was omitted from the pre-RC in one reaction for each 
condition tested. MBP-Sld3 bound specifically to the pre-RC, but none of the other proteins 
analysed were detectable (data not shown). The lack of detectable protein binding was 
attributed to either inappropriate assay conditions and/or the level of binding being below the 
limit of detection of the antibodies used. If more protein was supplied in the extract there 
would be an increased chance that it could bind the origin. Some components of GINS are 
expressed at relatively low levels in the cell (Ghaemmaghami et al., 2003; Table 4.2) and a 
member of the Speck group had recently purified recombinant GINS from bacteria. Therefore, 
purified GINS was additionally added to the extract used previously. All proteins targeted by 
Western blot could be identified in the extract, if one fifth of the total extract was loaded on to 
the blot (Figure 4.2; 20 % load). As with the previous extract, MBP-Sld3 bound specifically to 
the pre-RC. This new extract was an improvement over the previous, as it allowed detection of 
GINS in the extract, but binding to the pre-RC was not detectable (Figure 4.2). Detection of 
GINS in the extract suggested that if binding to the pre-RC was occurring it was below the 
limit of detection of the antibody. It was clear more sensitive antibodies would be required to 
determine whether that the assay conditions were appropriate for full complex formation.  
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Figure 4.2: Summary of best protein binding using preliminary helicase activation assay 
Representative Western blot of complex obtained with the preliminary helicase activation 
assay. The pre-RC was formed as described (Evrin et al., 2009). MCM2-7 was omitted from 
one sample as a negative control. The pre-RC with or without MCM2-7 was phosphorylated 
with S-CDK and DDK then incubated with S phase extract over-expressing MBP-Sld3 and 
supplemented with purified GST-Cdc45, GINS, DDK and S-CDK. Western blots were carried 
out targeting MBP-Sld3, Dpb11, Psf3 and GST-Cdc45. To confirm the presence of each 
protein in the extract, 20 % of the extract applied per sample was also analysed (20 % load).  
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The preliminary data obtained from the helicase activation assay was promising, but it 
identified multiple areas for optimisation. The addition of purified GINS to the extract brought 
the level of protein to within the limit of detection for the antibody. This indicated that 
obtaining purified forms of the key pre-IC and pre-LC proteins would increase signal in the 
assay. The same effect may have been achieved if more extract was applied to the pre-RC. This 
was tested, but had limited impact (data not shown). Moreover, the long term aim of this 
project was to characterise the role of individual proteins in complex formation and DNA 
unwinding, which would require ‘add-back’ experiments. In ‘add-back’ experiments the 
protein of interest is depleted from the extract to determine its influence on downstream events. 
To confirm the importance of the particular protein it is then added back to extract in purified 
form to demonstrate that downstream events recover in its presence. Purification methods for 
Sld2, Sld3 and Dpb11 were developed by members of the Speck group and purification 
processes for Mcm10 and S-CDK were developed within this project.  
It became apparent from the preliminary experiments that the helicase activation assay required 
enhanced sensitivity and the ability to detect a wider range of proteins. Consequently, peptide 
antibodies were obtained targeting Sld3, Sld2, Cdc45, Dpb11, Mcm10, Rfa1 (RPA) and Sld5 
(GINS). These antibodies were characterised during this project to determine the appropriate 
dilutions, incubation times and blocking solutions.  
Cdc45 is required for pre-IC, CMG and replisome formation and is required for DNA 
unwinding (Labib, 2010). Consequently, it was critical that Cdc45 could be detected following 
the helicase activation assay. The GST-Cdc45 used in preliminary helicase activation assays 
was prone to degradation within the extract (data not shown) and demonstrated limited activity 
in in vitro assays (J. Zech and N. Stanslowsky, unpublished). Consequently, an alternative 
source of Cdc45 was sought. The Speck group is developing a purification method for Cdc45, 
but this was not completed when this study was undertaken. Consequently, Cdc45 was 
endogenously tagged at its chromosomal locus. This enabled detection of Cdc45 using a high 
affinity commercial antibody targeting the epitope tag, as well as the lower affinity peptide 
antibodies targeting Cdc45 available within the Speck group.  
The S phase extracts used in this assay contained fragmented endogenous DNA. There was a 
concern that this DNA would be sensed as DNA damage by proteins in the extract and that the 
intra-S phase checkpoint would be activated. Consequently, the intra-S phase checkpoint was 
blocked within the S phase extracts used for the modified helicase activation assay.  
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4.2 Generation of reagents for in vitro helicase activation assay  
4.2.1 Purification of S-CDK 
The long term aim of this project was to detect initial DNA unwinding and determine the 
relative importance of individual proteins in this process. This required purified sources of 
limiting proteins that could be involved in DNA unwinding. Along with DDK, S-CDK is 
critical for driving the initiation of replication. Consequently, it was of interest to discover 
what contribution S-CDK makes to DNA unwinding. This was eventually to be achieved by 
the execution of ‘add-back’ experiments, which meant that purified S-CDK was required. 
Previously, highly active S-CDK was difficult to produce in large quantities that retained 
strong kinase activity. Published methods were available for the purification of S-CDK from 
bacteria (Tak et al., 2006) and insect cells (Wilmes et al., 2004). This project explored 
purification of S-CDK from bacteria, but did not investigate the baculoviral system due to long 
set-up times. Instead the buffer system from Wilmes and colleagues was adapted to produce a 
novel purification of S-CDK from yeast. In addition, S-CDK was purified from bacteria using 
an expression construct and protocol supplied by H. Araki (National Institute of Genetics, 
Mishima, Japan; Tak et al., 2006). Purified S-CDK was obtained using both purification 
methods. 
The purification of S-CDK from yeast was developed in collaboration with another group 
member. It followed the same logic as the purification of DDK described above and used a 
previously described buffer system (Wilmes et al., 2004). Yeast overexpressing 
MBP-Clb5/Cdc28 were lysed and the resulting extract incubated with amylose resin. S-CDK 
was eluted by cleavage of MBP from Clb5 using PreScission protease. The GST-tagged 
protease was removed from the eluted S-CDK by incubation with GST-agarose and S-CDK 
was concentrated using SP sepharose (Figure 4.3).  
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Figure 4.3: Purification of S-CDK from yeast 
Silver stained gel, showing purification of S-CDK (MBP-Clb5, Cdc28). After freezer mill lysis 
the resulting extract was incubated with amylose resin. Bound S-CDK was rinsed once, washed 
with 1 M (wash 1) and 400 mM (wash 2) potassium chloride then rinsed to remove protease 
inhibitors. PreScission protease was used to cleave the MBP-tag from Clb5. The untagged 
material was incubated with GST-agarose to remove the PreScission protease. The flow 
through from the GST beads was bound to SP sepharose and eluted with 1 M potassium 
chloride. Fractions 1-5 were pooled and stored. Arrows to the right of the gel indicate the 
position of MBP-Clb5 (93.4 KDa), Clb5 (50.4 KDa), PreScission protease and Cdc28 (34.1 
KDa). Molecular weight (KDa) of individual polypeptides was compared to a Broad Range 
Marker indicated to the left of the gel. 
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The bacterial expression construct had a pGEX-6P-1 backbone and consisted of multiple open 
reading frames encoding Cdc28 fused with GST, Clb5, the CDK-activating kinase (Cak1) and 
a Cdc28-associated protein (Cks1) that is required for proper Cdc28 function (Mendenhall and 
Hodge, 1998; Tak et al., 2006). This construct was investigated to determine whether the 
presence of Cak1 and Cks1 resulted in a purified protein with improved activity over that 
obtained from yeast. It is standard practice to over-express proteins in bacteria by placing them 
under the control of an IPTG-inducible promoter. However, expressing S-CDK in this manner 
produces mostly insoluble material (Y. Tanaka, personal communication). The IPTG-inducible 
promoter contained in the pGEX-6P-1 vector is leaky and this was exploited here. Some minor 
modifications were made to the published protocol. The bacteria were grown for 22 hours at 
14 °C, which allowed accumulation of sufficient S-CDK for purification. The bacteria were 
lysed using a freezer mill. The resulting extract was treated with PEI to remove DNA, bound to 
GST-sepharose, eluted with reduced-glutathione, bound to RESOURCE Q and eluted with a 
sodium chloride gradient. Fractions containing active S-CDK were pooled. However, the last 
step of the purification protocol (purification over phenyl sepharose) described by Tak and 
colleagues could not be carried out, due to lack of access to a high pressure liquid 
chromatography (HPLC) system. The protocol was adapted in two ways. First, S-CDK was 
analysed without the phenyl sepharose step. Second, the phenyl sepharose was replaced by SP 
sepharose, as this had been successfully used to bind yeast-derived S-CDK. Both methods 
yielded active S-CDK, as measured by phosphorylation of histone H1 (data not shown). 
The S-CDK obtained from yeast and the two pools of S-CDK obtained from bacteria were 
tested for their ability to phosphorylate Cdc6 (Figure 4.4), a known S-CDK target (Drury et al., 
1997; Elsasser et al., 1999; Mimura et al., 2004). S-CDK purified from bacteria was 
significantly less active than that from yeast (Figure 4.4; compare A/B with C/D) and 
incubation with SP sepharose caused a decrease in activity compared to the RESOURCE Q 
purified material (Figure 4.4; compare B with A).  S-CDK purified from yeast was more 
active, as demonstrated by a visible shift of the Cdc6 band on the silver stained gel and an 
increased signal in the autoradiograph. S-CDK purified from yeast exhibited 
autophosphorylation activity and the maximum level of Cdc6 phosphorylation was reached 
with the lowest S-CDK concentration tested (5 nM) (Figure 4.4 C). Purification of S-CDK 
from yeast was very reproducible. Seven final pools from four independent purifications were 
tested for their ability to phosphorylate Cdc6 and there was very little variation between 
preparations (Figure 4.4 D). Consequently, S-CDK was purified from yeast for all experiments 
described in this chapter.   
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Figure 4.4: Comparison of activity of S-CDK purified from bacteria and yeast 
Kinase assay testing the activity of S-CDK purified from bacteria and yeast. S-CDK purified from bacteria over GST-sepharose and RESOURCE 
Q (A) or GST-Sepharose, RESOURCE Q and SP Sepharose (B) were compared to S-CDK purified from yeast (C). Cdc6 (40 nM) was incubated 
with increasing concentrations of each source of S-CDK (5, 10, 20, 40 and 80 nM) in the presence of γ-32P ATP. The reproducibility of the yeast 
purification protocol was tested by incubating 40 nM S-CDK from the final pools of four independent purifications with 40 nM Cdc6 (D). The 
products of the kinase assay were analysed by silver staining (top panels) and autoradiography (bottom panels). The position of Cdc6 (58 KDa) 
and, where visible, Cdc28 (34 KDa) are indicated to the right of each gel. Molecular weight (KDa) of individual polypeptides was compared to a 
Broad Range Marker indicated to the left of each gel. 
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4.2.2 Purification of pre-IC and pre-LC proteins 
Several of the essential pre-IC and pre-LC proteins were purified for use in the helicase 
activation assay. Sld2, Sld3, Dpb11 and Mcm10 were selected due to their prominence in the 
above complexes and their relatively low cellular abundance.  
Sld2 was purified from bacteria using a method developed in the Speck group. A GST-Sld2 
fusion protein was expressed in bacteria from an IPTG-inducible promoter and bound to 
GST-sepharose. Bound Sld2 was rinsed twice, washed twice and eluted by the addition of 
PreScission protease to remove the GST tag. The GST-tagged PreScission protease bound the 
GST-sepharose and was not eluted with Sld2. Eluted Sld2 was bound to SP sepharose and 
rinsed once before elution (Figure 4.5). The resulting material had good purity. There were a 
very small number of lower molecular weight bands in the final pool. These may be 
degradation products, abortive transcripts or co-purifying proteins. 
Sld3 was purified from budding yeast using a method developed in the Speck group. An 
MBP-Myc-Sld3 construct was expressed in yeast from a galactose-inducible promoter and 
bound to amylose resin. Bound MBP-Sld3 was rinsed, washed and eluted with PreScission 
protease. The eluted material was incubated with SP sepharose to concentrate it and remove the 
protease (Figure 4.6). As for Sld2, the resulting material contained some low molecular weight 
bands in addition to the Sld3 band.  
Dpb11 was purified from bacteria using a method developed in the Speck group and tested at 
laboratory scale in this study. A GST-Dpb11 fusion protein was expressed in bacteria from an 
IPTG-inducible promoter and the resulting extract was treated with ammonium sulphate to 
release Dpb11 from DNA and then PEI to remove the DNA. Dpb11 was precipitated with 
ammonium sulphate and then resolubilised and bound to GST-agarose. Bound Dpb11 was 
washed and eluted by the addition of PreScission protease to remove the GST-tag. The 
PreScission protease was retained on the GST-sepharose, as it contains a GST-tag. Eluted 
Dpb11 was bound to SP sepharose and rinsed once before elution (Figure 4.7). Dpb11 obtained 
from this purification appeared as a doublet on the SDS-PAGE gel. This could reflect 
incomplete translation of the protein, as yeast genes frequently contain codons that are rare in 
bacteria (reviewed in Kane, 1995; Zhang et al., 1991). Bacteria lack the majority of kinases 
contained in eukaryotes, therefore the doublet is unlikely to reflect a phosphorylation event.   
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Figure 4.5: Purification of Sld2 from bacteria  
Coomassie stained gel, showing purification of GST-Sld2. Cells were lysed by sonication. The 
insoluble pellet was resuspended and analysed at a 1/10 dilution. The supernatant (load) was 
incubated with GST-sepharose. The bound GST-Sld2 was rinsed twice and washed with 
binding buffer then cleavage buffer. PreScission protease was used to cleave the GST-tag from 
Sld2. The material eluted from the GST beads was bound to SP sepharose, rinsed and eluted 
with 500 mM ammonium sulphate. SP elution fractions were pooled to give three pools with 
different protein concentrations. Arrows indicate the position of GST-Sld2 (78.3 KDa) and 
Sld2 (52.3 KDa). Molecular weight (KDa) of individual polypeptides was compared to a Broad 
Range Marker indicated to the left and right of the gel. 
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Figure 4.6: Purification of Sld3 from yeast 
Coomassie stained gel, showing purification of MBP-Sld3. Cells were lysed by freezer milling 
and the resultant extract was incubated with amylose resin. The bound MBP-Sld3 was rinsed 
once, washed twice with 500 mM sodium chloride then rinsed to remove protease inhibitors. 
PreScission protease was used to cleave the MBP-tag from Sld3. The untagged material was 
incubated with SP sepharose and eluted with 1 M sodium chloride. Fractions 3-8 were pooled 
and stored. Arrows indicate the position of MBP-Sld3 (120.3 KDa) and Sld3 (77.3 KDa). 
Molecular weight (KDa) of individual polypeptides was compared to a Broad Range Marker 
indicated to the left and right of the gel. 
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Figure 4.7: Purification of Dpb11 from bacteria 
Coomassie stained gel, showing purification of GST-Dpb11. Cells were lysed by sonication 
and treated with ammonium sulphate and PEI (AS SN1 and AS pellet 1). The supernatant was 
then precipitated with ammonium sulphate to produce an ammonium sulphate pellet containing 
GST-Dpb11 (AS SN2 and AS pellet 2). The pellet was resuspended and the extract incubated 
with GST-agarose. The bound GST-Dpb11 was rinsed once and washed twice with binding 
buffer then rinsed and washed with cleavage buffer. PreScission protease was used to cleave 
the GST-tag from Dpb11. Material eluted from the GST beads was diluted, bound to SP 
sepharose, rinsed and eluted with 500 mM sodium chloride. Arrows indicate the position of 
GST-Dpb11 (113.2 KDa) and Dpb11 (87.2 KDa). Molecular weight (KDa) of individual 
polypeptides was compared to a Broad Range Marker indicated to the left and right of the gel. 
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The purification of Mcm10 from bacteria was developed during this project, using a construct 
available within the Speck group. MCM10 was cloned into pSUMO to generate a 
His6-SUMO-Mcm10 fusion protein on expression with a SUMO protease cleavage site 
between the SUMO-tag and Mcm10. The initial protocol was designed according to the 
affinity matrix manufacturer’s recommendations for purifying His-tagged proteins 
(G.E.Healthcare, 2002) and combined with PEI and ammonium sulphate precipitation to 
remove DNA from the extract.  
The ammonium sulphate was removed using a PD10 desalting column, the fusion protein 
applied to a HisTrapFF Crude column in a sodium phosphate buffer, washed and eluted with 
an imidazole gradient. Fractions containing His6-SUMO-Mcm10 were pooled, applied to a 
PD10 desalting column to remove imidazole and cleaved overnight at 16 °C with SUMO 
protease, as recommended in the operating manual for the protease. Cleaved material was 
applied to SP sepharose overnight to concentrate it and remove SUMO protease. This approach 
was partially successful. The protein bound to the HisTrapFF Crude column, but a large 
amount of His6-SUMO-Mcm10 remained in the flow through. This material was bound to the 
column following a second application, suggesting that the dynamic binding capacity of the 
column had been exceeded by the amount of protein applied. The imidazole elution removed 
all bound His6-SUMO-Mcm10 from the column, but the peak was broad, suggesting a step 
elution with a single imidazole concentration would be more appropriate. Cleavage of the 
protein at 16 °C was complete within one hour, but the protein was not stable at 16 °C. The 
cleaved Mcm10 initially bound poorly to SP sepharose, but eluted well. However, when 
incubation with SP sepharose was carried out overnight the Mcm10 bound but could not be 
recovered (data not shown).  
A second iteration of the method was tested where the following changes were made: 
His6-SUMO-Mcm10 was applied to two HisTrapFF Crude columns connected in series and 
eluted with 250 mM imidazole. The material was cleaved overnight at 4 °C and applied again 
to the HisTrapFF Crude columns. This was intended to bind the SUMO protease, which has a 
His-tag and allow the cleaved Mcm10 to flow through the column. This approach represented 
an improvement, as the protein was well bound and eluted from the HisTrapFF Crude column, 
remained stable during cleavage and >90 % of protein was cleaved. However, cleaved Mcm10 
unexpectedly bound to the HisTrapFF crude column. It was eluted with imidazole, desalted and 
concentrated (data not shown).  
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The final version of the protocol was as follows: after PEI and ammonium sulphate 
precipitation His6-SUMO-Mcm10 was resolubilised and bound to two HisTrapFF Crude 
columns without prior desalting. The fusion protein was eluted with 250 mM imidazole, 
concentrated using an Amicon centrifugal filtration unit and cleaved overnight at 4 °C without 
desalting. The cleaved material was applied to a Superdex 200 gel filtration column. 
Mcm10-containing fractions were pooled and concentrated (Figure 4.8). 
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Figure 4.8: Purification of Mcm10 from bacteria 
Coomassie stained gel, showing purification of His6-SUMO-Mcm10. Cells were lysed by 
sonication and treated with ammonium sulphate and PEI. The supernatant was then 
precipitated with ammonium sulphate to produce an ammonium sulphate pellet containing 
His6-SUMO-Mcm10. The pellet was resuspended and the extract applied to a HisTrapFF 
Crude column (HisTrap Load). Bound His6-SUMO-Mcm10 was eluted from the column and 
pooled. His6-SUMO-Mcm10 was cleaved with SUMO protease, concentrated using an Amicon 
centrifugal filter unit and applied to a Superdex 200 gel filtration column. Eluted material was 
pooled and concentrated. Arrows indicate the position of His6-SUMO-Mcm10 (78 KDa) and 
Mcm10 (65.8 KDa). Molecular weight (KDa) of individual polypeptides was compared to a 
Broad Range Marker indicated to the left and right of the gel. 
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4.2.3 Phosphorylation of purified pre-IC and pre-LC proteins 
The purified pre-IC and pre-LC proteins were tested for their ability to be phosphorylated by 
S-CDK and DDK (Figure 4.9 and Figure 4.10). Each purified protein was phosphorylated by 
S-CDK and DDK individually and in combination, to ensure that the purified proteins retained 
their published pattern of phosphorylation.  
Purified Sld3 (Figure 4.9 A) and Sld2 (Figure 4.10 A) were phosphorylated strongly by S-CDK 
and very weakly by DDK. Phosphorylation of Sld3 and Sld2 by S-CDK has been documented 
(Tanaka et al., 2007b; Zegerman and Diffley, 2007), but direct phosphorylation by DDK has 
not been reported. Purified Mcm10 (Figure 4.9 B) and Dpb11 (Figure 4.9 C) were 
phosphorylated weakly by both S-CDK and DDK and no additive effect was observed when 
both were added together. There is no published information on the phosphorylation of Mcm10 
or Dpb11 by either S-CDK or DDK. None of the GINS subunits were phosphorylated by either 
kinase (Figure 4.10 B) and to date no report has been published to suggest GINS is a target of 
either S-CDK or DDK.   
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Figure 4.9: In vitro phosphorylation of purified Sld3, Mcm10 and Dpb11 
Kinase assay to determine phosphorylation of purified Sld3 (A), Mcm10 (B) and Dpb11 (C) by DDK and/or S-CDK. 40 nM of purified protein 
was incubated in the absence of kinase or with increasing concentrations of S-CDK (20 and 40 nM), DDK (40 and 80 nM) or 40 nM S-CDK and 
80 nM DDK in the presence of γ-32P ATP. Each kinase was analysed in the absence of purified protein to monitor autophosphorylation. The 
products of the kinase assay were analysed by silver staining (top panels) and autoradiography (bottom panels). The positions of the purified 
proteins are indicated to the right of each gel. Molecular weight (KDa) of individual polypeptides was compared to a Broad Range Marker 
indicated to the left of each gel. 
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Figure 4.10: In vitro phosphorylation of purified Sld2 and GINS 
Kinase assay to determine phosphorylation of purified Sld2 (A) and GINS (B) by DDK and/or S-CDK. 40 nM of purified protein was incubated in 
the absence of kinase or with increasing concentrations of S-CDK (20 and 40 nM), DDK (40 and 80 nM) or 40 nM S-CDK and 80 nM DDK in the 
presence of γ-32P ATP. Each kinase was analysed in the absence of purified protein to monitor autophosphorylation. The products of the kinase 
assay were analysed by silver staining (top panels) and autoradiography (bottom panels). The positions of the purified proteins are indicated to the 
right of each gel. Molecular weight (KDa) of individual polypeptides was compared to a Broad Range Marker indicated to the left of each gel. 
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4.2.4 Characterisation of antibodies against pre-IC and pre-LC proteins 
A major limitation of the helicase activation assay detailed in Section 4.1 was that the 
antibodies available were not very sensitive and only targeted a very limited range of proteins. 
Consequently, the production of polyclonal peptide antibodies against Sld2 (Figure 4.11), Sld3 
(Figure 4.12), Dpb1l (Figure 4.13), Mcm10 (Figure 4.14), Cdc45 (Figure 4.15), Rfa1 (RPA) 
(Figure 4.16) and Sld5 (GINS) (Figure 4.17) in rabbits was commissioned. As part of this 
project these antibodies were characterised to determine the optimal incubation conditions and 
times, as well as their sensitivity and suitability for use in the helicase activation assay. Purified 
proteins were used to assess the sensitivity of the antibodies. Between 0.1 and 100 ng of target 
protein was loaded onto a gel, transferred to a membrane and incubated with antibody for one 
hour at RT. In addition, three different blocking conditions were tested for each antibody: 5 % 
(w/v) milk TBS-T for one hour, 3 or 5 % (w/v) BSA TBS-T for one hour or a commercial block 
(Start Block TBS-T) for thirty minutes at RT. A range of dilutions was tested for each 
antibody, although only the best conditions will be shown here. Where possible two antibodies 
targeting different peptides were tested for each protein, otherwise antibodies targeting the 
same peptide, but generated in different rabbits were tested.  
All of the antibodies tested detected the purified proteins, with varying sensitivities. Many of 
the antibodies displayed maximum sensitivity in BSA, but suffered from high background 
during longer exposures. Some of the antibodies were tested for their ability to detect their 
target protein in S phase extract and most were able to detect their target in the extract (data not 
shown). The antibodies were tested in the helicase activation assay. Many were suitable for this 
purpose, but the anti-Sld2 and Sld3 antibodies exhibited high non-specific binding and 
background and were not useable (data not shown). The anti-Cdc45 antibodies detected bound 
Cdc45 (data not shown), but were less sensitive than a commercially available antibody against 
epitope tagged Cdc45 (Section 4.2.5) and therefore were not used.  It should be noted that the 
Rfa1 antibodies arrived after the other antibodies described here and as such were not available 
for use in assays described prior to Section 4.3.3. A summary of the antibodies tested with the 
helicase activation assay, their operating conditions and suitability for the helicase assay can be 
found in Table 4.3. 
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Figure 4.11: Characterisation of antibodies against Sld2 
Western blot showing the ability of two antibodies raised against peptides from Sld2 to detect 
purified Sld2. Each antibody was named according to its target protein and the amino acid the 
peptide used for immunisation started from. Sld2 117 (A) and Sld2 345 (B) were incubated 
with a membrane containing increasing amounts of purified Sld2 (0.1, 1, 10 and 100 ng). 
Membrane blocking and primary antibody incubation was carried out in 5 % milk TBS-T, 5 % 
BSA TBS-T or Start Block (TBS-T). Primary antibody was diluted 1/500. Sld2 is indicated by 
an arrow to the left of each gel. Molecular weight (KDa) of individual polypeptides was 
compared to a Broad Range Marker indicated to the left and right of each gel. 
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Figure 4.12: Characterisation of antibodies against Sld3 
Western blot showing the ability of two antibodies raised against peptides from Sld3 to detect 
purified Sld3. Each antibody was named according to its target protein and the amino acid the 
peptide used for immunisation started from. The same peptide was used to immunise two 
rabbits and the resulting antibodies are designated A and B. Sld2 318A (A), Sld3 318B (B), 
Sld3 426A (C) and Sld3 426B (D) were incubated with a membrane containing increasing 
amounts of purified Sld3 (0.1, 1, 10 and 100 ng). Membrane blocking and primary antibody 
incubation was carried out in 5 % milk TBS-T, 3 % BSA TBS-T or Start Block (TBS-T). 
Primary antibody was diluted 1/500 (A, B,C) or 1/1000 (D). Sld3 is indicated by an arrow to 
the left of each gel. Molecular weight (KDa) of individual polypeptides was compared to a 
Broad Range Marker indicated to the left and right of each gel. 
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Figure 4.13: Characterisation of antibodies against Dbp11 
Western blot showing the ability of two antibodies raised against peptides from Dpb11 to 
detect purified Dpb11. Each antibody was named according to its target protein and the amino 
acid the peptide used for immunisation started from. Dpb11 608 (A) and Dpb11 736 (B) were 
incubated with a membrane containing increasing amounts of purified Dpb11 (0.1, 1, 10 and 
100 ng). Membrane blocking and primary antibody incubation was carried out in 5 % milk 
TBS-T, 3 % BSA TBS-T or Start Block (TBS-T). Primary antibody was diluted 1/500 (A) or 
1/1000 (B). Dpb11 is indicated by an arrow to the left of each gel. Molecular weight (KDa) of 
individual polypeptides was compared to a Broad Range Marker indicated to the left and right 
of each gel. 
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Figure 4.14: Characterisation of antibodies against Mcm10 
Western blot showing the ability of two antibodies raised against peptides from Mcm10 to 
detect purified Mcm10. Each antibody was named according to its target protein and the amino 
acid the peptide used for immunisation started from. Mcm10 10 (A) and Mcm10 543 (B) were 
incubated with a membrane containing increasing amounts of purified Mcm10 (0.1, 1, 10 and 
100 ng). Membrane blocking and primary antibody incubation was carried out in 5 % milk 
TBS-T, 3 % BSA TBS-T or Start Block (TBS-T). Primary antibody was diluted 1/500. Mcm10 
is indicated by an arrow to the left of each gel. Molecular weight (KDa) of individual 
polypeptides was compared to a Broad Range Marker indicated to the left and right of each gel. 
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Figure 4.15: Characterisation of antibodies against Cdc45  
Western blot showing the ability of two antibodies raised against peptides from Cdc45 to 
detect purified GST-Cdc45. Each antibody was named according to its target protein and the 
amino acid the peptide used for immunisation started from. Cdc45 102 (A) and Cdc45 196 (B) 
were incubated with a membrane containing increasing amounts of purified Cdc45 (0.1, 1, 10 
and 100 ng). Membrane blocking and primary antibody incubation was carried out in 5 % milk 
TBS-T, 3 % BSA TBS-T or Start Block (TBS-T). Primary antibody was diluted 1/500. 
GST-Cdc45 is indicated by an arrow to the left of each gel. Molecular weight (KDa) of 
individual polypeptides was compared to a Broad Range Marker indicated to the left and right 
of each gel. 
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Figure 4.16: Characterisation of antibodies against Rfa1 
Western blot showing the ability of an antibody raised against peptides from the Rfa1 subunit 
of RPA to detect purified RPA. The antibody was named according to its target protein and the 
amino acid the peptide used for immunisation started from. The same was peptide was used to 
immunise two rabbits and the resulting antibodies are designed A and B. Rfa1 9A (A) and Rfa1 
9B (B) were incubated with a membrane containing increasing amounts of purified RPA (0.1, 
1, 10 and 100 ng). Membrane blocking and primary antibody incubation was carried out in 5 % 
milk TBS-T, 3 % BSA TBS-T or Start Block (TBS-T). Primary antibody was diluted 1/1000. 
Rfa1 is indicated by an arrow to the left of each gel. Molecular weight (KDa) of individual 
polypeptides was compared to a Broad Range Marker indicated to the left and right of each gel. 
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Figure 4.17: Characterisation of antibodies against Sld5 
Western blot showing the ability of two antibodies raised against peptides from Sld5 to detect 
purified Sld5. Each antibody was named according to its target protein and the amino acid the 
peptide used for immunisation started from. Sld5 108 (A) and Sld5 234 (B) were incubated 
with a membrane containing increasing amounts of purified GINS (0.1, 1, 10 and 100 ng). 
Membrane blocking and primary antibody incubation was carried out in 5 % milk TBS-T, 3 % 
BSA TBS-T or Start Block (TBS-T). Primary antibody was diluted 1/500. Sld5 is indicated by 
an arrow to the left of each gel. Molecular weight (KDa) of individual polypeptides was 
compared to a Broad Range Marker indicated to the left and right of each gel. 
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Table 4.3: Suitability of peptide antibodies for use in helicase activation assay 
Summary table showing the peptide antibodies tested in the helicase activation assay. 
Incubation conditions, the minimum amount of purified protein detected and suitability for use 
in the helicase activation assay are indicated.  
 
Target Antibody Dilution Block 
Minimum amount 
purified protein 
detected (ng) 
Suitable for 
helicase 
activation assay 
Sld2 Sld2 345 1/500 3 % BSA 1  No 
Sld3 
Sld3 318A 1/1000 5 % BSA 1 No 
Sld3 318B 1/1000 5 % BSA 1 No 
Sld3 426A 1/500 5 % BSA 1  No 
Sld3 426B 1/1000 5 % BSA 1 No 
Dpb11 Dpb11 736 1/1000 5 % Milk 1  Yes 
Mcm10 Mcm10 543 1/750 5 % Milk 0.1  Yes 
Cdc45 
Cdc45 102 1/500 3 % BSA 100  No 
Cdc45 196 1/500 3 % BSA 100 Yes 
Rfa1 Rfa1 9B 1/1000 Start Block 0.1 Yes 
Sld5 Sld5 234 1/500 5 % BSA 1  Yes 
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4.2.5 Construction of modified W303 Cdc7-4 strains 
Given the importance of Cdc45 in DNA unwinding, pre-IC and replisome formation (Aparicio 
et al., 1997; Hopwood and Dalton, 1996; Tercero et al., 2000), it was a key aim of this project 
to detect Cdc45 using the helicase activation assay. The Speck group did not have the 
capability to produce purified Cdc45 and the Cdc45 antibody available was not very sensitive. 
Therefore, in parallel with the acquisition of alternative antibodies targeting Cdc45, it was 
genomically tagged. Cdc45 activity is easily compromised by epitope tagging (J. Baxter, 
personal communication), therefore two different epitope tags were tested and their effects on 
cell growth monitored. Two different fusion proteins were generated using small epitope linker 
modules (Funakoshi and Hochstrasser, 2009; Knop et al., 1999) integrated into the genome of 
W303 Cdc7-4 yeast. Tagged cells were selected for using amino acid drop out or antibiotic 
selection. Two tagged strains were produced, one containing CDC45-6HA (k1TRP1) and one 
with CDC45-3FLAG (hphMX4). Presence of the epitope tag in each strain was verified by 
Western blot (Figure 4.18) and colony PCR (data not shown). Once stable strains were 
obtained they were grown on YPD alongside the wild-type strain at the permissive temperature 
(Figure 4.18). The strain containing Cdc45-6HA grew at an equal rate to the wild-type strain 
(Figure 4.18 A), but the strain producing Cdc45-3FLAG grew more slowly (Figure 4.18 B). 
Consequently, subsequent helicase activation assays were carried out using W303 Cdc7-4 
CDC45-6HA (k1TRP1).   
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Figure 4.18: Endogenous epitope tagging of CDC45 in W303 Cdc7-4 yeast 
Western blot and growth assay of W303 Cdc7-4 yeast containing either CDC45-6HA (k1TRP1) 
(A) or CDC45-3FLAG (hphMX4) (B). Presence of the epitope tag was confirmed by Western 
blotting with antibodies targeting the HA (A) or FLAG (B) epitope tags. The tagged strains 
were grown on YPD alongside the wild-type W303 Cdc7-4 strain. Serial ten-fold dilutions of 
each strain were spotted on to the plates and grown at the permissive temperature (25 °C) for 
three days.  
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If DNA damage occurs during S phase it results in cell cycle arrest, due to the activation of the 
intra-S phase checkpoint. The intra-S phase checkpoint is realised by the activity of Rad53, 
which inhibits both DDK and S-CDK-driven initiation pathways to prevent origin firing 
(reviewed in Branzei and Foiani, 2007; also in DePamphilis and Bell, 2011a). The S phase 
extracts used in this assay contained fragmented endogenous DNA, which has the potential to 
trigger the DNA damage response and activate the intra-S phase checkpoint. Furthermore, two 
recent studies provided an insight into the molecular mechanism of the checkpoint (Lopez-
Mosqueda et al., 2010; Zegerman and Diffley, 2010). These studies showed that Sld3 is 
phosphorylated by Rad53 following DNA damage, but not in unperturbed S phase. 
Phosphorylation of Sld3 by Rad53 overrides phosphorylation by S-CDK and blocks Sld3 
interaction with Dpb11. Sld3 interaction with Cdc45 is also compromised following Rad53 
phosphorylation. Rad53 additionally phosphorylates Dbf4 to block origin firing. If cells 
containing forms of both Sld3 and Dbf4 that cannot be phosphorylated by Rad53 are exposed 
to DNA damaging agents then they fail to activate the intra-S phase checkpoint.  This 
discovery had important implications for the helicase activation assay. If the intra-S phase 
checkpoint was activated in the S phase extract then replisome formation and helicase 
activation would be blocked. Addition of purified S-CDK and DDK would not be sufficient to 
overcome this block, as Rad53 phosphorylation of Sld3 prevents Sld3 activation by S-CDK 
and purified Dbf4 would be inactivated by Rad53 in the extract. Activation of the intra-S phase 
checkpoint can be prevented by expressing a dominant-negative kinase-dead mutant of Rad53 
(Rad53-KD) (Szyjka et al., 2008). A plasmid containing RAD53-KD was transformed into the 
W303 Cdc7-4 CDC45-6HA (k1TRP1) strain. Rad53-KD was expressed from the plasmid 
during α factor arrest and release during the generation of S phase extracts. This ensured that 
the intra-S phase checkpoint could not be activated due to fragmented DNA in the extract.  
4.3 Characterisation of modified in vitro helicase activation assay 
Several changes were made to the preliminary helicase activation assay and aimed to improve 
sensitivity, promote replisome formation, allow detection of a wider range of proteins within 
the complex and enable monitoring of ssDNA formation by measuring RPA association with 
the DNA. The modified helicase activation assay employed the W303 Cdc7-4 CDC45-6HA 
(k1TRP1) pGal-RAD53-KD strain, which contained a C-terminal 6HA-tagged Cdc45 and the 
plasmid containing RAD53-KD under control of a galactose-inducible promoter. Galactose was 
added to cultures to inactivate Rad53 in the resulting extracts. Additionally, extracts were 
supplemented with purified pre-IC and pre-LC proteins and S phase kinases (see below). The 
binding of Cdc45-6HA, RPA, Mcm10, Dpb11 and GINS was monitored by Western blotting.   
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4.3.1 Supplementing S phase extract with purified pre-IC and pre-LC proteins 
The aim of the first modified helicase activation assays was to assess which purified proteins 
were limiting for complex formation. Initially, all purified proteins were added to the S phase 
extract, then each purified pre-IC and pre-LC protein was omitted in turn. The pre-RC or 
ORC/Cdc6/Cdt1 complexes were phosphorylated with DDK prior to addition of S phase 
extract supplemented with pre-IC and pre-LC proteins. No purified kinases were added to the S 
phase extracts, meaning that the assay imposed a sequence for kinase activity, whereby DDK 
was active first, but S-CDK acted later, as part of the S phase extract. The effect of protein 
omission was measured by Western blotting for Dpb11, Mcm10 and Cdc45-6HA (Figure 
4.19). GINS binding was not measured due to high background preventing interpretation of the 
blots (data not shown). If all available purified proteins were added to the S phase extract 
Dpb11, Mcm10 and Cdc45 bound to the pre-RC. Mcm10 also bound relatively strongly to the 
DNA in the absence of MCM2-7, but it was enriched in their presence (Figure 4.19; panel 1).  
If purified Sld3 was omitted, Dpb11 binding was slightly less specific for MCM2-7, but the 
level of binding to the pre-RC was unchanged. Mcm10 binding was unaffected, but Cdc45 
binding to the pre-RC was markedly decreased (Figure 4.19; panel 2).  
In the absence of purified Sld2 binding of Dpb11, Mcm10 and Cdc45 was equivalent to that 
observed in the presence of all proteins (Figure 4.19; panel 3).  
If purified GINS was not added to the extract, Dpb11 binding to the pre-RC was unaffected, 
but binding in the absence of MCM2-7 increased. Mcm10 binding was not influenced by the 
omission of purified GINS. Cdc45 binding to the pre-RC was decreased, but binding increased 
in absence of MCM2-7 (Figure 4.19; panel 4). 
Omission of purified Mcm10 had no effect on Dpb11 binding. Mcm10 binding was decreased, 
but the ratio of Mcm10 bound to the entire pre-RC versus the pre-RC lacking MCM2-7 was 
improved. Cdc45 binding to the pre-RC was slightly decreased (Figure 4.19; panel 5).  
In the absence of purified Dpb11, no Dpb11 binding was detectable. However, Mcm10 and 
Cdc45 binding were maintained at levels equivalent to that measured when purified Dpb11 was 
added (Figure 4.19; panel 6). Subsequently, assays were carried out using S phase extract 
supplemented with purified Sld3, GINS and Dpb11, as Mcm10 and Sld2 had a limited 
influence on detection of the Dpb11, Mcm10 and Cdc45. 
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Figure 4.19: Effect of supplementing S phase extract with purified proteins  
Western blot showing the effect of each available purified pre-IC and pre-LC protein on 
detection of Dpb11, Mcm10 and Cdc45. The pre-RC was formed as described (Evrin et al., 
2009). MCM2-7 was omitted from one sample under each condition tested as a negative 
control. The pre-RC with or without MCM2-7 was phosphorylated with DDK and then 
incubated with S phase extract supplemented with purified proteins as indicated in the matrix 
above the blots. Western blots were carried out targeting Dpb11, Mcm10 and the HA-tag on 
Cdc45.  
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4.3.2 Complex formation on circular pUC19-ARS1  
The modified helicase assay was repeated incorporating the information gathered regarding the 
addition of purified proteins to the S phase extract. In addition, the effect of exposing the 
pre-RC proteins to DDK then S-CDK or both kinases simultaneously was investigated to 
determine the relative importance of each kinase on downstream events. Extract was prepared 
from the W303 Cdc7-4 CDC45-6HA (k1TRP1) pGal-RAD53-KD strain described above and 
supplemented with purified Dpb11, Sld3 and GINS. To examine the effect of the order of 
kinase addition on complex formation the assay was carried out in two ways. First, the pre-RC 
was incubated with purified DDK prior to the addition of S phase extract to allow DDK 
activity before S-CDK. Second, the kinases were allowed to act simultaneously and the pre-RC 
was not pre-phosphorylated, but extract was supplemented with purified DDK. As previously, 
MCM2-7 was omitted from the pre-RC assembly assay for one sample under each condition.  
If DDK was used to pre-phosphorylate the pre-RC, Dpb11, Mcm10, Sld5 and Cdc45 all bound 
to the pre-RC. Dpb11 and Cdc45 bound with the greatest specificity, whereas Sld5 and Mcm10 
showed modest specificity (Figure 4.20; panel 1). However, when both kinases were added 
simultaneously Dpb11 and Cdc45 binding to the pre-RC was decreased and Cdc45 binding 
became non-specific. Mcm10 binding was essentially unaffected and Sld5 showed a slight 
increase in specificity for the pre-RC (Figure 4.20; compare panel 2 to panel 1). 
Western blotting enabled specific targeting of proteins of interest, but it did not allow 
monitoring of other proteins in the extract that interact with the pre-RC. In order to gain further 
insight into proteins binding to ORC/Cdc6/Cdt1 and the pre-RC, the complexes formed 
following DDK phosphorylation of the pre-RC proteins prior to addition of S phase extract 
(Figure 4.20; panel 1) were analysed by mass spectrometry (Table 4.4). The mass spectrometry 
data showed that ORC, Cdc6 and Cdt1 were present in roughly equal amounts in both samples, 
as was expected given that purified forms of all three were added to both. A modest enrichment 
of MCM2-7 was detected when purified MCM2-7 was added. However, detection of pre-IC 
and pre-LC proteins was poor and only Dpb11 was detected in both samples and was not 
significantly enriched in the presence of MCM2-7. This was not in alignment with the Western 
blot data (Figure 4.20; panel 1). The other proteins targeted by Western blot were not detected 
by mass spectrometry. There was no calculable enrichment of DDK or S-CDK subunits at the 
pre-RC. Taken together these data suggested that the amount of sample analysed by mass 
spectrometry was insufficient, as proteins detected by Western blot were not abundant enough 
in the samples to be reliably measured by mass spectrometry. Consequently, future mass 
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spectrometric analyses used samples representing four helicase activation assay reactions.  In 
addition, the mass spectrometry data showed that enrichment of MCM2-7 in the pre-RC 
compared to the ORC/Cdc6/Cdt1 sample was about three fold, suggesting that MCM2-7 was 
recruited from the extract in the absence of purified protein, indicating that a more stringent 
negative control should be sought.  
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Figure 4.20: Binding of pre-IC and pre-LC proteins to the pre-RC on circular DNA  
Western blots showing the effect the order of kinase activation on binding of Dpb11, Mcm10, 
Sld5 and Cdc45 to the pre-RC. The pre-RC was formed as described (Evrin et al., 2009). 
MCM2-7 was omitted from one sample under each condition tested as a negative control. The 
pre-RC with or without MCM2-7 was phosphorylated with DDK (panel 1) or left 
unphosphorylated (panel 2) and then incubated with S phase extract supplemented with 
purified Sld3, GINS and Dpb11 (panels 1 and 2) and DDK (panel 2). Western blots were 
carried out targeting Dpb11, Mcm10, Sld5 and the HA-tag on Cdc45.  
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Table 4.4: Analysis of complex formed on pUC19-ARS1 during helicase activation assay 
Mass spectrometric analysis of proteins bound to pUC19-ARS1 following helicase activation 
assay. Number of peptides and Mascot score were recorded for all key pre-RC, pre-IC and 
pre-LC proteins. Where a protein was a member of more than one complex it is presented in 
the first complex it is part of. Fold enrichment of each protein at the pre-RC was calculated 
where possible. ND: not detected. NC: not calculable.  
 
pre-RC proteins 
     
        Molecular 
Weight 
(KDa) 
Protein 
Score 
ORC/Cdc6/
Cdt1 
Number of 
peptides 
Score 
Pre-RC  
Number of 
peptides 
Complex 
Fold increase 
over 
ORC/Cdc6/Cdt1 
104.3 Orc1 4063.5 89 3663.1 85 
 
ORC 
 
0.9 
71.2 Orc2 1592.5 55 1345.7 56 0.8 
72.0 Orc3 1671.1 46 1502.2 46 0.9 
60.7 Orc4 1795.9 37 ND ND NC 
55.3 Orc5 1074.0 30 895.3 28 0.8 
50.3 Orc6 1096.9 31 1014.6 32 0.9 
58.0 Cdc6 1070.1 43 1128.1 40   1.1 
68.4 Cdt1 337.9 16 412.1 19   1.2 
98.7 Mcm2 925.9 29 2246.6 59 
 
MCM2-7 
 
2.4 
107.5 Mcm3 656.7 26 2412.6 75 3.7 
104.9 Mcm4 750.1 30 2621.9 77 3.5 
86.4 Mcm5 487.9 25 1702.2 56 3.5 
112.9 Mcm6 587.0 26 2280.8 67 3.9 
94.8 Mcm7 683.8 21 2068.2 56 3.0 
      
  pre-IC/pre-LC proteins    
                
Molecular 
Weight 
(KDa) 
Protein 
Score 
ORC/Cdc6/
Cdt1 
Number of 
peptides 
Score 
Pre-RC  
Number of 
peptides 
Complex 
Fold increase 
over 
ORC/Cdc6/Cdt1 
87.2 Dpb11 20.6 1 23.4 2   1.1 
65.8 Mcm10 0.0 2 0.0 3   NC 
20.2 Psf1 ND ND 20.9 1 
 
GINS 
 
NC 
25.0 Psf2 ND ND ND ND ND 
21.9 Psf3 46.1 1 ND ND NC 
33.9 Sld5 54.8 1 ND ND NC 
74.2 Cdc45 ND ND ND ND   ND 
77.3 Sld3 ND ND ND ND   ND 
52.2 Sld2 20.8 4 ND ND   NC 
70.3 RFA1 1290.0 42 1054.0 42   0.8 
29.9 RFA2 369.1 8 375.0 7 RPA 1.0 
13.8 RFA3 ND ND ND ND   ND 
255.5 Pol2 44.2 13 30.6 10 Pol epsilon 
  
0.7 
22.0 Dpb4 381.4 8 234.2 7 0.6 
58.3 Cdc7 ND ND 68.2 5 DDK NC 
80.6 Dbf4 ND ND 35.9 8   NC 
34.0 Cdc28 25.4 3 ND ND S-CDK NC 
50.4 Clb5 41.2 3 24.9 1   0.6 
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Logically, DNA unwinding requires a certain degree of flexibility within the DNA molecule. 
The plasmid substrate used in the pre-RC assembly assay and helicase activation assays was 
prepared by random crosslinking of biotin molecules to the plasmid using UV light. This 
biotinylated plasmid was immobilised on streptavidin beads. This process will create 
topological restraints on the DNA molecule and could interfere with supercoiling and prevent 
propagation of DNA unwinding throughout the molecule. Whilst plasmid prepared in this way 
allows formation of the pre-RC (Evrin et al., 2009), it was possible that it may not support 
effective helicase activation and replisome formation.  
When the complexes formed on pUC19-ARS1 were analysed by mass spectrometry there was 
an indication that the plasmid DNA was being recognised as a damaged substrate, possibly due 
to the UV crosslinking procedure. In budding yeast, UV damaged bases are repaired by 
nucleotide excision repair (NER) and proteins, such as Rad16, Rad4 and Rad26, known to be 
involved in NER (reviewed in Prakash and Prakash, 2000) were associated with the pre-RC 
with higher scores than the pre-IC and pre-LC proteins (data not shown). This suggested that 
the ability of the S phase extract to replicate the plasmid could be compromised by repair 
activities.  
The effect of plasmid preparation on DNA unwinding was investigated using bacterial DnaA 
and HU proteins. DnaA and HU were incubated with the pOC170 plasmid containing the 
bacterial origin oriC and treated with KMnO4 to detect DNA unwinding (Section 3.1.5). The 
pOC170 plasmid was supplied to DnaA/HU in three forms: naked/supercoiled, biotinylated or 
biotinylated and immobilised on streptavidin beads. The complexes were incubated with 
KMnO4, the DNA purified and analysed by primer extension (Figure 4.21). One additional step 
was included for the immobilised DNA, which was removed from the streptavidin beads by 
boiling in formamide prior to purification. Biotinylation of the plasmid reduced the amount of 
DNA unwinding carried out by DnaA/HU (Figure 4.21, compare lane 4 with lane 2) and 
immobilisation of the plasmid on streptavidin beads completely abrogated DNA unwinding 
(Figure 4.21, lane 6). Given this information, it is likely that biotinylation and immobilisation 
of pUC19-ARS1 on streptavidin beads would inhibit DNA unwinding during MCM2-7 helicase 
activation.  
In the light of the mass spectrometry and KMnO4 footprinting data, the pUC19-ARS1 plasmid 
was replaced with 5 kb linear fragments with a biotin molecule at either end. This 
circumvented the requirement for UV crosslinking and localised the biotin molecules to known 
positions at the end of the DNA molecule.   
Chapter 4 – DNA unwinding during helicase activation 
168 
 
 
Figure 4.21: Biotinylation and immobilisation of plasmid DNA inhibits DNA unwinding 
KMnO4 footprint of top strand of oriC. Naked/supercoiled, biotinylated or biotinylated and 
streptavidin bead-immobilised pOC170 plasmid containing oriC was probed with KMnO4. 
Reactions were carried out in the absence of protein (lanes 1, 3, 5) or with 190 nM DnaA and 
140 nM HU (lanes 2, 4, 6). The footprint was visualised following a single cycle of primer 
extension using a 5'-end-labelled primer. DNA unwinding is indicated by the dashed line.  
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The linear fragments were prepared using biotinylated primers that bound within the genome to 
produce fragments of about 5 kb with an origin in the centre of the molecule. Four origins were 
tested: ARS1, ARS305, ARS501 and ARS605. The efficiency of the PCR for each fragment 
varied, but immobilisation of each fragment on streptavidin beads was achieved with similar 
efficiency. Each of the four fragments was tested for its ability to support pre-RC formation, as 
measured by the amount of loaded MCM2-7. The pre-RC formed similarly on each origin (data 
not shown). The PCR for ARS1 was particularly inefficient; therefore a 5 kb fragment 
containing ARS305 (ARS305-5kb) immobilised on streptavidin beads was used for all 
subsequent helicase activation assays.    
4.3.3 Complex formation on ARS305-5kb using extract with inactive intra-S phase 
checkpoint 
In comparison to the complexes formed on pUC19-ARS1, the initial complexes formed on the 
ARS305-5kb fragment showed decreased specificity of the pre-IC and pre-LC proteins for 
MCM2-7 (data not shown). This suggested that, as was the case for pUC19-ARS1, MCM2-7 
were being recruited to the origin from the extract. Consequently, alternative negative controls 
were investigated that would decrease the formation of pre-RC in the absence of purified 
MCM2-7. ORC/Cdc6/Cdt1 was compared with ORC/Cdc6 and DNA only controls by Western 
blotting and mass spectrometry following the helicase activation assay. As a result the negative 
control was changed to DNA only. This decreased pre-RC formation and subsequently binding 
of the pre-IC and pre-LC proteins to the DNA without purified MCM2-7 present, as monitored 
by Western blot and mass spectrometry (data not shown).  
The modified helicase activation assay was carried out on ARS305-5kb as described in Section 
4.3.2., with three minor modifications. The negative control was DNA only and complex 
formation was additionally analysed in the absence of DDK. Finally, an anti-Rfa1 antibody 
became available and RPA binding was monitored by blotting for the Rfa1 subunit. In the 
absence of DDK, all proteins analysed were detected by Western blot. However, only Mcm10 
was enriched in samples containing the pre-RC (Figure 4.22; panel 1). Where DDK was added 
before S-CDK all proteins were detected, but Mcm10 and Cdc45 were enriched at the pre-RC 
(Figure 4.22; panel 2). The same pattern occurred when DDK and S-CDK were applied to the 
pre-RC simultaneously, but the specificity of Mcm10 for the pre-RC decreased (Figure 4.22; 
panel 3).  Rfa1 was not enriched at the pre-RC under any condition tested. The most specific 
complex was formed if the pre-RC was phosphorylated with DDK before addition of the 
S-CDK-containing S phase extract.  
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The complexes formed when the pre-RC proteins were first phosphorylated by DDK and then 
incubated with S phase extract were analysed by mass spectrometry (Table 4.5). As expected 
the pre-RC components were enriched if they were added in purified form during the pre-RC 
assembly assay. Importantly, MCM2-7 were more than 100-fold enriched on ARS305-5kb if 
they were provided during the pre-RC assembly assay before S phase extract addition. It was 
not possible to calculate an enrichment value for most of the pre-IC and pre-LC proteins as 
they were not detected on ARS305-5kb if no pre-RC was formed prior to addition of the S 
phase extract. The results from the mass spectrometry were compared to the Western blots 
(Figure 4.22; panel 2). Mcm10 was enriched 2.6 fold in the presence of the pre-RC according 
to the mass spectrometric data and enrichment was visible by Western blot. Dpb11 and Sld5 
were not detected by mass spectrometry when S phase extract was applied to ARS305-5kb 
without a pre-RC assembled, but they were detected if the pre-RC was formed. However, the 
Mascot scores and number of peptides were low. Cdc45 was not detected by mass 
spectrometry in either sample. The three RPA subunits were detected in both samples by mass 
spectrometry and showed a slight decrease in the presence of the pre-RC compared to the 
ARS305-5kb alone, with high Mascot scores and peptide numbers. A similar decrease was 
visible in the Western blot. In general the mass spectrometry data was in alignment with the 
results obtained by Western blotting. However, detection of most pre-IC and pre-LC proteins 
in both samples was either not possible or weak. 
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Figure 4.22: Helicase activation assay on ARS305-5kb in the presence of Rad53-KD 
Western blots showing the effect the order of kinase addition on binding of Dpb11, Mcm10, 
Sld5, Cdc45 and Rfa1 to the pre-RC. The pre-RC was formed as described (Evrin et al., 2009). 
The pre-RC proteins were omitted from one sample under each condition tested as a negative 
control. The pre-RC or empty DNA was incubated with DDK (panel 2) or left 
unphosphorylated (panels 1 and 3) and then incubated with S phase extract containing 
Rad53-KD supplemented with purified Sld3, GINS and Dpb11 (panels 1, 2 and 3) and DDK 
(panel 3). Western blots were carried out targeting Dpb11, Mcm10, Sld5, the HA-tag on Cdc45 
and Rfa1.  
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Table 4.5: Analysis of complex formed on ARS305-5kb during helicase activation assay  
Mass spectrometric analysis of proteins bound to ARS305-5kb following helicase activation 
assay. Number of peptides and Mascot score were recorded for all key pre-RC, pre-IC and 
pre-LC proteins. Where a protein was a member of more than one complex it is presented in 
the first complex it is part of. Fold enrichment of each protein at the pre-RC was calculated 
where possible. ND: not detected. NC: not calculable.  
 
pre-RC proteins 
      
        
Molecular 
Weight 
(KDa) 
Protein 
Score 
DNA 
only 
Number of 
peptides 
Score 
Pre-RC  
Number of 
peptides 
Complex 
Fold increase 
over DNA 
only 
104.3 Orc1 549.5 26 7337.3 97 
 
ORC 
 
13.4 
71.2 Orc2 760.9 35 2677.0 59 3.5 
72.0 Orc3 488.1 28 832.8 37 1.7 
60.7 Orc4 890.1 32 1795.9 37 2.0 
55.3 Orc5 511.2 15 856.2 23 1.7 
50.3 Orc6 454.8 21 543.9 24 1.2 
58.0 Cdc6 ND ND 897.0 31   NC 
68.4 Cdt1 ND ND 384.7 22   NC 
98.7 Mcm2 ND ND 6360.8 67 
 
MCM2-7 
 
NC 
107.5 Mcm3 20.9 6 7416.4 85 354.2 
104.9 Mcm4 24.0 6 4828.7 94 201.4 
86.4 Mcm5 ND ND 2900.0 62 NC 
112.9 Mcm6 28.2 4 5378.6 74 191.1 
94.8 Mcm7 ND ND 4652.0 61.0 NC 
      
  pre-IC/pre-LC proteins    
                  
Molecular 
Weight 
(KDa) 
Protein 
Score 
DNA 
only 
Number of 
peptides 
Score 
Pre-RC  
Number of 
peptides 
Complex 
Fold increase 
over DNA 
only 
87.2 Dpb11 ND ND 22.4 3   NC 
65.8 Mcm10 68.8 11 180.6 10   2.6 
20.2 Psf1 ND ND ND ND 
 
GINS 
 
ND 
25.0 Psf2 31.6 2 ND ND ND 
21.9 Psf3 ND ND 46.1 1 NC 
33.9 Sld5 ND ND 54.8 1 NC 
74.2 Cdc45 ND ND ND ND   ND 
77.3 Sld3 ND ND ND ND   ND 
52.2 Sld2 ND ND 25.4 3   NC 
70.3 RFA1 4678.9 60 2028.3 42   0.4 
29.9 RFA2 939.6 16 150.4 8 RPA 0.2 
13.8 RFA3 678.6 9 211.1 3   0.3 
255.5 Pol2 33.3 14 114.6 13 Pol epsilon 
 
3.4 
22.0 Dpb4 502.6 12 ND ND ND 
58.3 Cdc7 ND ND ND ND DDK 
 
ND 
80.6 Dbf4 24.2 3 ND ND ND 
34.0 Cdc28 37.1 4 ND ND S-CDK 
 
ND 
50.4 Clb5 ND ND ND ND ND 
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4.3.4 Complex formation on ARS305-5kb using extract with a functional intra-S phase 
checkpoint 
The principle role of Rad53 is to slow replication in response to DNA damage (Paulovich and 
Hartwell, 1995). However, the role of Rad53 in S phase may not be limited to controlling the 
intra-S phase checkpoint. Rad53 prevents the binding of RPA to late origins following DNA 
damage, preventing their firing whilst the damage is repaired (Aparicio et al., 1999; Tanaka 
and Nasmyth, 1998; Zou and Stillman, 2000). However, Rad53 may also control association of 
RPA with late origins in an unperturbed S phase and be part of the machinery controlling the 
timing of origin firing (Tanaka and Nasmyth, 1998). Regulation of RPA by Rad53 was of 
particular relevance for this project because RPA binding was used as a measure of DNA 
unwinding. However, in the presence of Rad53-KD, RPA binding was not specifically 
enhanced by binding of pre-IC or pre-LC proteins. Consequently, the effect of intra-S phase 
checkpoint inactivation on complex formation was investigated. The helicase activation assay 
described in 4.3.3 was repeated, but the S phase extract contained wild-type Rad53.  
The presence of wild-type Rad53 had a striking effect on complex formation (Figure 4.23), 
when compared to Rad53-KD (Figure 4.22). Dpb11 bound with greater specificity, but as 
previously, was relatively unaffected by the order of kinase addition. Mcm10 binding 
displayed similar specificity to that seen with Rad53-KD. The specificity of Sld5 binding was 
greatly improved and adding both kinases simultaneously boosted binding. Cdc45 binding was 
adversely affected by wild-type Rad53 and the specificity observed with Rad53-KD was 
abolished. In addition, in the presence of Rad53-KD activation of DDK prior to S-CDK 
improved Cdc45 binding, but with wild-type Rad53 the order of kinase activation had very 
little influence on binding.  
Active Rad53 had no influence on RPA binding in the helicase activation assay. Moreover, 
binding of RPA exhibited poor specificity and was unaffected by the order of kinase addition. 
This suggested that DNA unwinding did not occur during the helicase activation assays carried 
out in this section.  
The experiments described in this section show that progress was made towards developing an 
assay to recapitulate helicase activation and replisome formation. The quality and range of 
reagents available was significantly increased to address limitations indentified in preliminary 
assays. A number of pre-IC and pre-LC proteins were purified, with methods for the 
purification of DDK, S-CDK and Mcm10 specifically developed during this project. In 
addition, a large number of peptide antibodies were characterised and, whilst they were not all 
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suitable for use in the helicase activation assay, they represent a significant contribution to the 
reagent pool of the Speck group. Experiments in this chapter demonstrate the helicase 
activation assay has the potential to succeed and provide a clear basis for further investigation. 
Future work will need to finesse the reaction conditions and determine robustness of the assay. 
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Figure 4.23: Helicase activation assay on ARS305-5kb in the presence of wild-type Rad53 
Western blots showing the effect the order of kinase addition on binding of Dpb11, Mcm10, 
Sld5, Cdc45 and Rfa1 to the pre-RC. The pre-RC was formed as described (Evrin et al., 2009). 
The pre-RC proteins were omitted from one sample under each condition tested as a negative 
control. The pre-RC or empty DNA was incubated with DDK (panel 2) or left 
unphosphorylated (panels 1 and 3) and then incubated with S phase extract supplemented with 
purified Sld3, GINS and Dpb11 (panels 1, 2 and 3) and DDK (panel 3). Western blots were 
carried out targeting Dpb11, Mcm10, Sld5, the HA-tag on Cdc45 and Rfa1.  
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4.4 Discussion 
Duplex DNA must be unwound to allow the replication machinery access to each individual 
base in the molecule and facilitate faithful duplication of the genome. Understanding of the 
process of helicase activation and replisome formation is developing rapidly. However, DNA 
unwinding is one of the key events in this process that remains poorly understood. When initial 
unwinding occurs and which proteins are responsible for it remains unknown. However, a 
recent study from the Bell group has significantly narrowed the list of candidates (Heller et al., 
2011), but it should be noted that this paper was published after the completion of the 
experiments described in this chapter. As such, it is not referred to the conclusions of each 
individual section, as it was not available at the time those conclusions were drawn. However, 
the data and conclusions from this project are discussed in the context of the findings of Heller 
and colleagues at the end of this chapter.   
Earlier in this project in vitro data were collected that showed loading of the MCM2-7 helicase 
results in distortion of ARS1 on a supercoiled plasmid (see Chapter 3). This distortion was 
dependent on loaded MCM2-7 and hinted that MCM2-7 could be involved in DNA melting 
and/or initial unwinding during helicase activation. However, investigation of DNA unwinding 
during helicase activation was not immediately possible due to the lack of a suitable assay. 
Experiments described in this chapter aimed to develop an assay to further analyse origin 
remodelling and DNA unwinding during helicase activation and replisome formation. This 
assay is referred to as a helicase activation assay and necessitated the in vitro recapitulation of 
replisome formation through the recruitment of pre-IC and pre-LC proteins to the pre-RC.  
Conclusions from the preliminary helicase activation assay 
This was an ambitious project and when it was undertaken the reagents available in the Speck 
group were relatively limited. Initial experiments were carried out that maximised the available 
reagents. These preliminary helicase activation assays demonstrated binding of MBP-Sld3 to 
the pre-RC. This was encouraging as Sld3 has been identified as one of the first pre-IC proteins 
to bind to origins during helicase activation (Aparicio et al., 1999; Kamimura et al., 2001; 
Kanemaki and Labib, 2006). Cdc45 binding is interdependent on Sld3 and the two form a 
complex (Kamimura et al., 2001). However, GST-Cdc45 binding was not detected. This could 
indicate that the presence of large epitope tags inhibited the interaction between Sld3 and 
Cdc45, or it could be due to differences in the sensitivity of the antibodies used to detect 
MBP-Sld3 and GST-Cdc45. This means that it is possible that GST-Cdc45 had been recruited 
with MBP-Sld3 to the pre-RC, but it was below the limit of detection for the GST antibody. 
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Alternatively, it may be that GST-Cdc45 did not bind to the pre-RC, in which case the 
observed MBP-Sld3 binding could represent a very small fraction of the available protein in 
the extract and it would be expected that MBP-Sld3 binding would be increased in the presence 
of origin-bound Cdc45. The purified GST-Cdc45 used in these preliminary assays was readily 
degraded when added to the S phase extracts (data not shown) and was prone to aggregation (J. 
Zech, unpublished observation). Therefore, it is unlikely that it retained its full range of cellular 
activities and it was not used in subsequent assays.   
Given that Sld3 bound to the pre-RC and the S phase extracts contained S-CDK, it was 
expected that Dpb11 and GINS would also be recruited. This was because phosphorylation of 
Sld3 by S-CDK enables recruitment of Dpb11 and GINS to origins as part of the pre-LC 
(Muramatsu et al., 2010; Tanaka et al., 2007b; Zegerman and Diffley, 2007). However, no 
Dpb11 or Psf3 binding was detected. As with Cdc45, it could be that the proteins were binding, 
but that they were below the limit of detection for the antibodies. Another explanation is that 
the Dpb11 and GINS contained in the extract were limiting for complex formation due to their 
limited cellular abundance (Table 4.2) or that they were not maximally active in the S phase 
extracts under the tested conditions. Whatever the reason there was some evidence that 
increasing the quantity of protein in the extract could improve detection of the pre-IC and 
pre-LC proteins, as Psf3 was only visible in the load if purified GINS was added to the extract 
(Figure 4.2). From these data it was concluded that obtaining high affinity antibodies and 
purified proteins offered the best opportunity to improve the sensitivity and efficiency of the 
helicase activation assay.  
Generation of reagents required to analyse replisome formation and DNA unwinding 
The long term aim of this project was to detect initial DNA unwinding and determine the 
relative importance of individual proteins in this process. This was eventually to be achieved 
by the execution of ‘add-back’ experiments, which meant that purified sources of limiting 
proteins that could be involved in DNA unwinding were required. Some of these reagents were 
also required for other projects in the Speck group; as such responsibility for their generation 
was spread across the group. During this project purification methods for DDK, S-CDK and 
Mcm10 were developed. Furthermore, the production of peptide antibodies targeting Sld2, 
Sld3, Mcm10, Cdc45, Rfa1 and Sld5 was commissioned and the resulting antibodies 
characterised.  
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This project produced a novel source of S phase kinases purified from budding yeast. It 
produced DDK that could robustly phosphorylate loaded MCM2-7 (Figure 4.1) and S-CDK 
that was more active than that which could be obtained using published protocols. In addition, 
a high yielding two-step purification method for Mcm10 was established. 
A major limitation in developing the helicase activation assay was the lack of antibodies 
directed against the key pre-IC and pre-LC proteins. Antibodies targeting Sld2, Sld3, Mcm10, 
Cdc45, Rfa1 and Sld5 were obtained and characterised. All of the antibodies could detect their 
targets in purified form (Figure 4.11-Figure 4.17). However, not all were suitable for use in the 
helicase activation assay (Table 4.3). Nevertheless, the antibodies may be useful for other 
applications within the Speck group, such as immunodepletion from extracts required for 
‘add-back’ experiments (see Section 4.1), pull-down or chromatin immunoprecipitation (ChIP) 
assays.   
Phosphorylation of purified pre-IC and pre-LC proteins 
In order to confirm that the purified proteins used in the helicase activation assay retained their 
in vivo patterns of phosphorylation, they were used as substrates in kinase assays with the 
purified S-CDK and DDK produced during this project. All published phosphorylation events 
could be recapitulated, but several phosphorylation events were also revealed that have not 
been reported previously.  
 As predicted, purified Sld2 (Figure 4.10 A) and Sld3 (Figure 4.9 A) were strongly 
phosphorylated by S-CDK (Tanaka et al., 2007b; Zegerman and Diffley, 2007). They were 
also phosphorylated very weakly by DDK. Direct phosphorylation of these proteins by DDK 
has not been reported. A search of the Saccharomyces genome database (SGD, 
www.yeastgenome.org, accessed 31 July 2011) showed that no genetic or physical interactions 
have been reported between Sld2 and Dbf4 or Cdc7, so the physiological relevance of Sld2 
phosphorylation by DDK remains uncertain. On the other hand, in vitro binding of Sld3 to 
loaded MCM2-7 is enhanced in the presence of DDK (J. Zech, unpublished). Therefore, it may 
be that Sld3 is a bona fide DDK target in vivo.  
It is possible that DDK phosphorylation of a subset of Sld2 and Sld3 molecules could be 
enhanced if they have been pre-phosphorylated by other kinases. This would not be an 
unprecedented situation. DDK has a preference for serine/threonine residues that are followed 
by an acidic amino acid, such as aspartate or glutamate. However, a serine that has been 
phosphorylated by another kinase can also satisfy the requirement of DDK for an acidic amino 
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acid (Labib, 2010). For example, there are some motifs on both human and budding yeast 
Mcm2 and Mcm4 that are only phosphorylated by DDK after phosphorylation by another 
kinase, such as S-CDK (Cho et al., 2006; Devault et al., 2008; Masai et al., 2000; Montagnoli 
et al., 2006). This effect of pre-phosphorylation of DDK targets was not tested in this study, as 
S-CDK and DDK were added together in the kinase assay. Moreover, S-CDK is not the only 
kinase that can influence DDK activity (Francis et al., 2009; Randell et al., 2010).  Equally, it 
should be kept in mind that both S-CDK and DDK are serine/threonine kinases, although 
S-CDK generally favours serines and threonines flanked by a proline and a basic arginine or 
lysine rather than acidic residues (Songyang et al., 1994; Tak et al., 2006). Nevertheless, it is 
possible that the very small amount of DDK phosphorylation visible on Sld2 and Sld3 simply 
reflects that the two proteins have serine/threonine rich domains (Tak et al., 2006; Tanaka et 
al., 2007b; Zegerman and Diffley, 2007) and the supply of a large amount of a serine/threonine 
kinase in the absence of competing kinases, phosphatases or substrates results in 
phosphorylation events that would not occur in vivo. 
Purified Mcm10 was phosphorylated weakly by both S-CDK and DDK, although no additive 
effect was observed when both were added together (Figure 4.9 B). There is no published 
information on the phosphorylation of Mcm10 by either S-CDK or DDK and a search of SGD 
(SGD, www.yeastgenome.org, accessed 31 July 2011) revealed a lack of reported physical or 
genetic interactions between Mcm10 and Clb5, Cdc28, Dbf4 or Cdc7. However, a recent study 
has proposed a model where Mcm10 is recruited to origins only after the essential targets of 
S-CDK (Sld2 and Sld3) and DDK (Mcm4 and Mcm6) have been phosphorylated (Heller et al., 
2011). Therefore, although Mcm10 is not an essential target of either S-CDK or DDK, the 
phosphorylation of Mcm10 observed here may be relevant in vivo and enhance or help direct 
Mcm10 binding to origins.  
Purified Dpb11 was phosphorylated weakly by both S-CDK and DDK (Figure 4.9 C). No data 
regarding the phosphorylation of Dpb11 by either kinase has been published. Consequently, 
the in vivo relevance of these phosphorylation remains to be seen. Dpb11 has been linked to 
checkpoint arrest because it directly activates Mec1 (Mordes et al., 2008; Navadgi-Patil and 
Burgers, 2008), Mec1 is the budding yeast orthologue of mammalian ATR and phosphorylates 
substrates involved in replication, repair and cell cycle checkpoints (Smolka et al., 2007).  The 
mechanism of Dpb11 recruitment during the checkpoint response is not fully understood, 
although the C-terminal portion of Dpb11 contains its Mec1-activating activity (reviewed in 
Navadgi-Patil and Burgers, 2011). It is a possibility that S-CDK and DDK phosphorylation of 
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Dpb11 may influence its role in checkpoint activation. However it may be that, as suggested 
for Sld2 and Sld3, the phosphorylation observed here is a reflection of the artificial conditions 
of the kinase assay rather than the situation in vivo.   
Influence of purified pre-IC and pre-LC proteins on complex formation and detection 
Following the generation of reagents for the modified helicase activation assay, the first 
experiment carried out was an assessment of the effect of the purified proteins on complex 
formation (Figure 4.19). All proteins were initially added to the extract and then each purified 
protein was omitted in turn. The assay measured the effect of increasing or decreasing the 
amount of each protein on complex formation and detection, rather than the presence or 
absence of each protein, as no depletion of the endogenous population was carried out. The 
binding of Dpb11, Mcm10 and Cdc45 to the pre-RC proteins in the presence or absence of 
MCM2-7 was measured. Three proteins, Sld3, Dpb11 and GINS, were selected for addition to 
the S phase extracts for subsequent experiments.  
It was not surprising that Sld3 was required for efficient complex formation because it is likely 
to be a limiting factor for replication due to its low cellular abundance in yeast 
(Ghaemmaghami et al., 2003; Table 4.2). Nor was it surprising that when the amount of Sld3 
in the extract was decreased that the amount of Cdc45 binding was also decreased, as the two 
bind interdependently (Kamimura et al., 2001). If an Sld3 antibody was available for use in the 
helicase activation assay, it would be expected that the binding of Sld3 would also decrease in 
the absence of the purified protein.  
Dpb11 is present in low amounts in yeast (Ghaemmaghami et al., 2003; Table 4.2) and 
consequently, as predicted, omitting purified Dpb11 from the S phase extract decreased overall 
Dpb11 binding to the pre-RC. Decreased Dpb11 did not have a significant influence on Cdc45 
or Mcm10 binding, which was not surprising given that Dpb11 binds origins after Mcm10 and 
Cdc45, as part of the pre-LC (Muramatsu et al., 2010). The binding of GINS and Dpb11 is 
interdependent (Takayama et al., 2003; Yabuuchi et al., 2006) and both are recruited to origins, 
with Sld2 and pol ε, as part of the pre-LC (Muramatsu et al., 2010). Consequently, if 
appropriate antibodies were available to monitor Sld2 and GINS association by Western blot in 
this assay, it would be expected that their binding would decrease in the absence of purified 
Dpb11.  
In the absence of purified GINS, Cdc45 binding was particularly compromised. GINS 
recruitment coincides with the more stable binding of Cdc45 to the pre-RC in S phase and is 
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required for incorporation of Cdc45 into the replisome (Kanemaki and Labib, 2006; Yabuuchi 
et al., 2006), probably through formation of the CMG (Gambus et al., 2006; Moyer et al., 
2006; Pacek et al., 2006). As a result, decreasing the amount of GINS in the S phase extract 
may have prevented stabilisation of Cdc45 binding at the pre-RC. Given the interdependence 
of Cdc45 and Sld3 binding (Kamimura et al., 2001) it is likely that decreased GINS in the 
extract would also lead to decreased Sld3 association. The impact of GINS levels in the extract 
was slightly unexpected because GINS is not one of the protein complexes that is normally 
considered limiting for replication in vivo. However, it may be that extract conditions in this 
assay did not allow for optimal GINS activity. Psf1 has relatively low cellular abundance 
(Ghaemmaghami et al., 2003; Table 4.2) and could become limiting for GINS complex 
formation and replication function if GINS activity was compromised by the extract 
conditions.  
Removing purified Sld2 from the extracts did not affect the binding of any of the proteins 
measured here.  Mcm10 and Cdc45 are not known to require Sld2 for binding and would not 
be expected to be influenced by Sld2 levels. On the other hand, Dpb11 and Sld2 are recruited 
together within the pre-LC (Muramatsu et al., 2010) and so it was expected that decreasing the 
amount of Sld2 could generate a corresponding decrease in Dpb11 binding. However, the 
residual Sld2 and excess of Dpb11 present in the extract may explain why the expected 
decrease did not occur, as there was plenty of Dpb11 to complex the endogenous Sld2. 
Equally, Dpb11 could be recruited to origins directly by phosphorylated Sld3 even if it is not 
part of the pre-LC.  
Omitting purified Mcm10 from the extract improved the specificity of Mcm10 binding, had 
limited influence on Dpb11 binding and decreased Cdc45 binding in a manner similar to that 
observed when Sld3 was omitted. The improved specificity of Mcm10 binding suggested that 
adding purified Mcm10 was overwhelming the system and enabling non-specific binding. 
Dpb11 binding is not dependent on Mcm10 and so it was expected that Dpb11 binding was not 
affected by Mcm10. The decrease in Cdc45 binding was in alignment with studies in 
eukaryotic systems that demonstrated Mcm10 enhanced Cdc45 binding to origins (Gregan et 
al., 2003; Sawyer et al., 2004; Wohlschlegel et al., 2002). The decision to remove purified 
Mcm10 from the S phase extracts in this project was taken because it improved Mcm10 
binding and the decrease in Cdc45 binding displayed some variability. This was likely due to 
the fact that Cdc45 was neither overexpressed nor added in purified form to the extracts and 
was subject to some variability in abundance following extract preparation. The variability 
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between extract preparations was not extensive, but as Cdc45 is relatively poorly represented in 
yeast (Ghaemmaghami et al., 2003; Table 4.2) these variations translated into measureable 
differences in Cdc45 binding in the helicase activation assay. Moreover, Cdc45 binding 
recovered when the assay was carried out in the presence of purified Sld3 and GINS (Figure 
4.20).  
Complex formation on pUC19-ARS1 
Once the influence of individual purified proteins on complex formation had been analysed, the 
effect of the S phase kinases on complex formation was investigated. The helicase activation 
assay was carried out by adding S phase extract containing purified Sld3, Dpb11 and GINS to 
ORC/Cdc6/Cdt1 or the pre-RC. The pre-RC proteins were either phosphorylated with DDK 
prior to addition of the extract or DDK was provided in the extract in a purified form. The sole 
source of S-CDK in the assay was supplied by the S phase extract. When the pre-RC was pre-
phosphorylated with DDK prior to addition of S-CDK in the extract a complex formed 
containing Dpb11, Mcm10, Sld5 and Cdc45. This complex was enhanced in the presence of 
the complete pre-RC. However, when S-CDK and DDK were allowed to act simultaneously, 
Dpb11 and Cdc45 binding was decreased (Figure 4.20). The effect of DDK on complex 
formation could not be fully analysed, as no condition was tested where DDK was not added. 
However, this was not carried out on this DNA substrate as it was unable to support DNA 
unwinding (Figure 4.21), but was completed on a linear DNA substrate (see below).  
The pattern of protein binding and kinase hierarchy was promising as it was in accordance with 
existing data from other model systems. The observed requirement for sequential activation of 
the S phase kinases was in agreement with studies in X. laevis (Jares and Blow, 2000; Walter, 
2000) and fission yeast (Yabuuchi et al., 2006). The binding of proteins known to associate 
with origins both early and late in the initiation process was promising. However, only a 
limited set of proteins was detectable using the antibodies available in the Speck group. 
Therefore, the complexes were also analysed by mass spectrometry. The mass spectrometry 
data revealed two important pieces of information. Firstly, there was only a modest enrichment 
of MCM2-7 on DNA when they were added to the pre-RC, suggesting that an improved 
negative control should be sought, as the supplied ORC/Cdc6/Cdt1 were recruiting MCM2-7 to 
DNA from the extract. Secondly, very few of the pre-IC and pre-LC proteins were detected, 
including those visible by Western blot, indicating that more material was required to obtain 
meaningful mass spectrometric data.  
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Complex formation on ARS305-5kb compared to pUC19-ARS1 
The DNA substrate for the helicase activation assay was changed from pUC19-ARS1 to 
ARS305-5kb, following an indication from the mass spectrometry data that repair proteins were 
enriched on the plasmid (data not shown) and the subsequent demonstration that biotinylation 
and immobilisation of the pOC170 plasmid containing the bacterial origin prevented DNA 
unwinding by bacterial DnaA and HU (Figure 4.21). The assay carried out on pUC19-ARS1 to 
investigate the effect of S phase kinases on complex formation was repeated with ARS305-5kb 
and included an extra condition to analyse the effect of the absence of DDK on complex 
formation. In addition, DNA unwinding was monitored by Western blotting for the Rfa1 
subunit of RPA and the negative control was changed from ORC/Cdc6/Cdt1 to naked DNA. It 
must be noted that very few assays were carried out on ARS305-kb and there was a reasonable 
amount of inter-assay variability. Consequently, although suggestions are made below to 
explain the changes in protein binding observed with each change in condition, more data will 
be required before these suggestions can be given too much weight.  
There were some differences between the complexes formed on ARS305-5kb (Figure 4.22) and 
pUC19-ARS1 (Figure 4.20). In general, complex formation on ARS305-5kb was less specific 
for the pre-RC than on pUC19-ARS1. When DDK phosphorylation of the pre-RC was 
completed before addition of extract containing S-CDK (Figure 4.22, panel 2), all proteins 
targeted by Western blotting were detected, but the specificity of Dpb11 and Cdc45 for the 
pre-RC was decreased compared to pUC19-ARS1. Sld5 remained unchanged and showed no 
specificity for the pre-RC. Mcm10 also remained unchanged and bound specifically to the 
pre-RC. Where both kinases were added simultaneously there was little change in the complex 
formed on ARS305-5kb (Figure 4.22, panel 3) compared to pUC19-ARS1 (Figure 4.20, panel 
2). The only significant difference was an enhanced specificity of Cdc45 binding on 
ARS305-5kb. In the absence of DDK, there was very little change to the complex, but the 
specificity of Cdc45 binding decreased (Figure 4.22, compare panel 1 with panels 2 and 3).  
The increased background observed with ARS305-5kb as opposed to pUC19-ARS1 may have 
several causes. There is more non-origin DNA present in ARS305-5kb than pUC19-ARS1, as 
the fragment is about 5 kb, whereas pUC19-ARS1 is about 3 kb. Moreover, the localisation of 
the biotin molecules to the end of each linear fragment rather than randomly throughout the 
DNA, as occurs on the plasmid, may have facilitated increased protein binding due to release 
of topological restrains enforced by biotinylation and availability of more binding sites.  
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The lack of responsiveness of Dpb11 and Sld5 to the presence of DDK can be explained in two 
ways. First the binding of both proteins is independent of pre-RC formation and therefore 
represents background binding of the proteins to DNA. This non-specific binding would not be 
expected to be kinase-dependent. However, the assay carried out here did not address the effect 
of a lack of S-CDK on the binding of these proteins and this may have had a larger influence 
than DDK. Mcm10 binding to the pre-RC was also unresponsive to DDK, which is in line with 
a general lack of reported interactions between Mcm10 and DDK (SGD, 
www.yeastgenome.org, accessed 31 July 2011). The specificity of Cdc45 binding was slightly 
compromised in the absence of DDK, which correlates with Cdc45 being a potential DDK 
target (Nougarede et al., 2000). In addition, DDK phosphorylation of MCM2-7 has been 
shown to stabilise Cdc45 interaction with MCM2-7 (Sheu and Stillman, 2006). Finally, the 
order of kinase addition here had very limited influence on protein binding, which may be due 
to the fact that the binding of all proteins, except Mcm10, was not specific for the pre-RC and 
represented an intrinsic affinity for DNA by the proteins analysed.  
The lack of specificity for the pre-RC exhibited by Dpb11, Sld5 and Cdc45 indicated that the 
assay was functioning poorly and the pre-IC was not forming in a physiological manner.  This 
would also explain why there was no DNA unwinding, as evidenced by a lack of enrichment of 
Rfa1 at the pre-RC.  
The complex formed on ARS305-5kb was analysed by mass spectrometry. The sample 
analysed was four times more concentrated than that analysed for pUC19-ARS1. The mass 
spectrometry data showed that MCM2-7 was enriched at least 190 fold in the presence of the 
pre-RC, indicating that naked DNA supports less binding and loading of endogenous MCM2-7 
than ORC/Cdc6/Cdt1. The mass spectrometry data generally correlated with the Western blot 
data, as only Mcm10 showed any enrichment in the presence of the pre-RC. The detection of 
the other pre-IC and pre-LC proteins was unreliable and no enrichment values could be 
calculated. Only pol ε was enriched at the pre-RC, but only one subunit was detected and the 
enrichment was modest. Furthermore, there was only one dataset, meaning the importance the 
enrichments detected could not be accurately determined. Slightly more weight can be placed 
on the enrichment of Mcm10 as it was confirmed by Western blot.  
Taken together the mass spectrometry and Western blot data showed that the helicase 
activation assay was not working correctly. Although MCM2-7 was enriched in the test 
sample, as measured by mass spectrometry, there was no corresponding enrichment of any 
pre-IC or pre-LC protein and no DNA unwinding, as measured by a lack of enrichment of RPA 
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at the pre-RC. In addition, it remained to be seen whether the conditions for mass spectrometry 
were suitable. Only once conditions that produce more specific binding of pre-IC and pre-LC 
proteins, as measured by Western blot, are identified will it be possible to assess the suitability 
of the conditions currently used for mass spectrometry.  
Complex formation in the presence or absence of a functional intra-S phase checkpoint 
The helicase activation assay was repeated using S phase extract containing wild-type Rad53 to 
restore a key S phase regulatory mechanism and determine its impact on complex formation. 
Execution of the helicase activation assay in the presence of wild-type Rad53 revealed a 
difference in complex formation. In the presence of wild-type Rad53, binding of Dpb11 and 
Sld5 was enriched at the pre-RC and Mcm10 specificity for the pre-RC was maintained. 
However, neither Cdc45 nor Rfa1 showed any specificity for the pre-RC. Furthermore, the 
order of kinase activation had limited influence on the binding on the majority of the proteins, 
with the exception of Sld5. Sld5 binding was greatest if S-CDK and DDK were allowed to act 
simultaneously.  
The increased specificity of Dpb11 and Sld5 binding may be due to increased regulation of 
Sld3 due to the presence of wild-type Rad53. Normally S-CDK phosphorylation of Sld3 
triggers it to bind Dpb11 and recruit the pre-LC to origins. GINS is part of the pre-LC and 
interacts transiently with Sld3 (Labib, 2010; Muramatsu et al., 2010; Takayama et al., 2003; 
Zegerman and Diffley, 2010). Following DNA damage, Rad53 phosphorylates Sld3 and 
renders it refractory to stimulation by S-CDK. The purpose of this is to inhibit late origin 
firing, but maintain S-CDK activity to continue inhibition of pre-RC formation in S phase 
(Lopez-Mosqueda et al., 2010; Zegerman and Diffley, 2010). Rad53 also regulates RPA 
recruitment to origins following activation of the intra-S phase checkpoint and it has been 
suggested that it additionally performs this role in unperturbed S phases as well (Tanaka and 
Nasmyth, 1998). Consequently, it is possible that the activity of Rad53 is required to restrain 
inappropriate interaction of Sld3 with its binding partners, such as Dpb11 and GINS. This 
could explain why Dpb11 and GINS still associated with the pre-RC, but their interaction with 
DNA decreased. Alternatively, GINS and Dpb11 are both part of the pre-LC (Muramatsu et al., 
2010) and their mirrored binding patterns may be due to the altered regulation of one of the 
other pre-LC components affecting pre-LC formation and recruitment to origins.  
In assays carried out with wild-type Rad53, Cdc45 binding showed no specificity for the 
pre-RC and was not regulated by DDK. This was a slight difference compared to Rad53-KD, 
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where there was a slight increase in Cdc45 specificity if DDK was added before S-CDK. 
Phosphorylation of Sld3 by Rad53 inhibits Sld3 interaction with Cdc45 (Zegerman and 
Diffley, 2010) and there was some evidence that wild-type Rad53 inhibited Cdc45 and Sld3 
binding, as judged by a weaker signal in the wild-type Western blot. This perceived decrease in 
overall Cdc45 binding could reflect that Cdc45 binding was subject to more stringent 
regulation due to the influence of Rad53 on Sld3 binding, but it could also indicate that the 
extract did not supply a sufficient source of Cdc45 to support the same pattern of binding that 
would occur in vivo. However, the strength of signal detected for Cdc45 varied greatly between 
assays and further repetitions of the two assays, with the samples loaded side by side on the 
same blot would be required to judge this accurately.  
It was not surprising that RPA was not enriched at the pre-RC, as Cdc45 was not enriched, but 
is required for DNA unwinding (Masuda et al., 2003; Mimura et al., 2000; Pacek and Walter, 
2004; Walter and Newport, 2000; Zou and Stillman, 2000). Furthermore, the active form of the 
MCM2-7 helicase is proposed to exist solely in the context of the CMG (Ilves et al., 2010; 
MacNeill, 2010; Pacek et al., 2006) and therefore helicase activation will not occur in the 
absence of robust and stable Cdc45 recruitment to origins, which was not observed in the 
helicase activation assays described on ARS305-5kb. 
In summary, the kinase activity of Rad53 had a modest effect on complex formation. This was 
mainly manifested as improved specificity of the pre-IC and pre-LC proteins for the pre-RC. 
This may reflect a general role for Rad53 in preventing inappropriate interaction of pre-IC and 
pre-LC proteins with DNA. However, the effect of inactivation of Rad53 was limited, which 
suggests that endogenous DNA in the extract did not trigger a significant DNA damage 
response and activation of Rad53. Consequently, future work should focus on extracts 
containing wild-type Rad53, as they represent a more physiological situation and complex 
specificity was generally improved. 
Influence of S phase kinases on complex formation on ARS305-5kb 
The initiation of DNA replication is driven by the activation of the two S phase kinases, DDK 
and S-CDK. In the absence of either one, the complex formed in the helicase activation assay 
should differ. Only the absence of DDK was tested during this project, but neither the lack of 
DDK nor the order of kinase addition had any significant influence on complex formation. This 
could be due to a number of reasons. First, this may reflect a suboptimal level of kinase activity 
in either the purified DDK or endogenous S-CDK. This could be investigated further by 
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titrating purified DDK into the reactions and by inhibiting S-CDK with its natural inhibitor 
Sic1. Second, the specificity of Cdc45 binding to the pre-RC was poor regardless of the 
activity of Rad53. However, Cdc45 is a possible DDK target (Nougarede et al., 2000) and 
binds to origins early during initiation in an S-CDK and DDK dependent manner (Jares and 
Blow, 2000; Mimura et al., 2000; Mimura and Takisawa, 1998; Owens et al., 1997; Sheu and 
Stillman, 2006; Walter and Newport, 2000; Zou and Stillman, 1998, 2000). Therefore, the lack 
of regulation of Cdc45 binding by DDK observed here may simply reflect the fact that 
insufficient Cdc45 was supplied within this assay and the limiting amounts of Cdc45 prevented 
effective complex assembly. In the presence of wild-type Rad53, GINS exhibited a modest 
regulation by kinases. The binding of Sld5 increased when DDK andS-CDKwere present and 
was highest when DDK and S-CDK were added simultaneously. However, like Cdc45, the 
Sld5 Western blots were subject to a great deal of variability between assays and further 
investigation will be required to determine the reproducibility and significance of this kinase 
driven binding.   
In conclusion, the determination of the role of each S phase kinase in the helicase activation 
assay will only be possible when the assay is able to support formation of a complete pre-IC 
and replisome. This was not the case at the end of this project and once this is addressed the 
function of the kinases can be re-examined.   
Comparison of this study with that of Heller and colleagues 
Shortly after work on experiments in this section was completed the Bell group published a 
paper detailing a very similar assay (Heller et al., 2011). Their assay involved using G1 extract 
supplemented with purified Cdc6 to form the pre-RC on a linear fragment with a biotin at each 
end immobilised on magnetic streptavidin beads. They then removed the G1 extract and added 
an S phase extract containing purified DDK and overexpressing Sld2, Sld3, Dpb11 and Cdc45. 
As in this project, DNA unwinding was monitored by measuring RPA binding. Heller and 
colleagues reported a two-step activation of the MCM2-7 helicase. The first step was driven by 
DDK and recruited Sld3 and Cdc45. Subsequently, S-CDK phosphorylation triggered the 
second step and recruited Mcm10, Dpb11 and GINS. RPA binding occurred after the 
S-CDK-dependent step and preceded binding of pol α and pol δ. Therefore, Heller and 
colleagues concluded that DNA unwinding was only required before recruitment of pol α and 
pol δ, but not the other pre-IC or pre-LC proteins they monitored.  
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As in this project, Heller and colleagues additionally tested a randomly biotinylated circular 
DNA substrate immobilised on magnetic streptavidin beads. They found that the biotinylated 
plasmid was less extensively unwound and that propagation of DNA unwinding was inhibited 
compared to that on a linear fragment. This correlates with the data collected during this study 
using KMnO4 footprinting with bacterial DnaA and HU (Figure 4.21) that showed the 
biotinylated plasmid could not be unwound once attached to the magnetic beads and fully 
supports the decision to switch from pUC19-ARS1 to ARS305-5kb. 
For the most part the findings of Heller and colleagues are in accordance with those described 
in this project, although there were some differences. The influence of Sld3, Dpb11 and GINS 
on complex formation was similar to the described in this chapter. In addition, complex 
formation on pUC19-ARS1 and, to a lesser extent, ARS305-5kb showed improved specificity 
for the pre-RC if DDK was added before S-CDK. However, the Heller study reported that 
Mcm10 binding to the origin required Sld3, Cdc45, Sld2, Dpb11 and GINS and that the loss of 
any one ablated Mcm10 binding. The opposite was true for the assays completed in this 
chapter, where Mcm10 was unaffected by the omission of any purified protein. Although it 
should be noted that the endogenous forms of each protein persisted in the extracts described in 
this chapter.  
Heller and colleagues reported that removing Sld3 from the extract prevented Cdc45 binding 
and this project demonstrated that omitting purified Sld3 from the extract had a similar effect 
(Figure 4.19; panel 2). If GINS was depleted from the extract by Heller and colleagues or 
purified protein was omitted in this project then Cdc45 binding to the origin was impaired 
(Figure 4.19; panel 4). They also demonstrated that Cdc45 binding was not dependent on 
Dpb11 and the same was true in this project (Figure 4.19; panel 6). More detailed comparisons 
of the two sets of data were not possible because the two studies did not monitor binding of the 
same pre-IC and pre-LC proteins.  
It is interesting that complex formation on pUC19-ARS1 (Figure 4.20; panel 1) and to a lesser 
extent on ARS305-5kb (Figure 4.22; panel 2) showed improvement if the pre-RC was pre-
phosphorylated with DDK prior to the incubation with the S-CDK containing extract as Heller 
and colleagues demonstrated that only DDK is required to facilitate Sld3 and Cdc45 binding to 
the pre-RC. However, their extract contained wild-type Rad53 and when the complex was 
formed in the presence of active Rad53 in this study the influence of DDK on Cdc45 binding 
was lost (Figure 4.23; panel 2). However, Cdc45 binding was not above background in the 
presence of wild-type Rad53 in this project, probably reflecting that some experimental 
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parameters remain suboptimal. Once these issues are addressed the responsiveness of Cdc45 
binding to DDK may return.  
The main contrast between the findings of this project and that of the Heller study was that 
Heller and colleagues reported that removal of Mcm10 from the extract had no impact on 
complex formation, but that Mcm10 required Cdc45, Sld3, Sld2, Dpb11 and GINS to bind the 
origin. In this project, Mcm10 was unaffected by the lack of any other protein and removing 
purified Mcm10 from the extract decreased Cdc45 binding (Figure 4.19). However, Mcm10 
binding to origins may require only small amounts of each pre-IC and pre-LC protein and 
during this project the endogenous forms of the proteins remained in the extract in the absence 
of the purified proteins. Consequently, the endogenous proteins may have been sufficient to 
support Mcm10 binding. The finding by Heller and colleagues that Mcm10 has no impact on 
Cdc45 binding is at odds with previous data, that showed Mcm10 enhances Cdc45 binding to 
the origin (Gregan et al., 2003; Sawyer et al., 2004; Wohlschlegel et al., 2002). Heller and 
colleagues attributed this discrepancy to the lack of nucleosomal DNA in their assay compared 
to other studies. However, the systems used in this project and by Heller and colleagues were 
very similar, suggesting that DNA context is not the reason for the differences in Mcm10 
behaviour. There may be a biological explanation, as Mcm10 has been reported to be recruited 
twice to origins during initiation, once along with Cdc45 and Sld3 and again later with pol α 
(Chattopadhyay and Bielinsky, 2007; Ricke and Bielinsky, 2004, 2006). It is not known 
whether Mcm10 that binds origins early is maintained there or released. It may be released 
once Cdc45 has bound and then rebinds the origin when it delivers pol α to the developing 
replisome. If this was the case then complex formation in this project may only support the first 
and transient binding of Mcm10, which does not require any other pre-IC or pre-LC proteins. 
However, the binding of Mcm10 in combination with pol α may well require the presence of 
other proteins and it is this binding event that was measured by Heller and colleagues. 
However, it is possible that the differences are due to differences in experimental design 
between the two projects.  
The experimental design of the assays described in this section and by Heller and colleagues 
was very similar. Both implemented buffers containing HEPES and potassium glutamate to 
produce S phase extracts and maintained this buffer system throughout the assay. Incubation 
times and temperatures were similar throughout the assays. However, the Heller assay differed 
from that described here in several ways, including the preparation of S phase extracts, use of 
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phosphatase inhibitors in the extract, the way proteins were added to the extract, and the source 
of purified proteins added.  
Both this project and that of Heller and colleagues used the same ts-allele of CDC7 to arrest 
cells in S phase, but the way the arrests were realised differed. This project produced S phase 
extracts by arresting cells in α factor and releasing them for fifty minutes at 37 °C to inactivate 
Cdc7 (Zou and Stillman, 1998). Heller and colleagues omitted the α factor arrest and instead 
incubated the cells for five hours at 38 °C. This project extracted DNA bound proteins and 
removed cellular debris using 10 % (w/v) ammonium sulphate, whereas Heller and colleagues 
used 1.5 M potassium glutamate, although in both cases the salt concentration was reduced 
before the extract was used in the assay. Subsequently, Heller and colleagues used three times 
more S phase extract per reaction than was used here.  
It is possible that the activity of proteins in the extract can be directed by the method of extract 
preparation. It may be worth testing the influence of arresting cells using the method of Heller 
and colleagues because it provides a longer incubation at the restrictive temperature for Cdc7-4 
and would discount the possibly that there is residual DDK activity present in the extracts used 
in this project. If residual DDK activity remained it could partially explain why the presence or 
absence of purified DDK had limited influence on complex formation 
The assays completed during this project contained phosphatase inhibitors in the S phase 
extract, which was not the case in the Heller assays. Phosphatase inhibitors were included in 
extracts in this project because it improved the signal in the Western blots when tested 
following complex formation on pUC19-ARS1. However, the phosphatase protein phosphatase 
2A (PP2A) has a role in DNA replication in both SV40 and X. laevis in vitro replication assays. 
In SV40 assays PP2A dephosphorylates the initiator protein TAg to promote initiation of 
replication (Virshup et al., 1989; Virshup and Kelly, 1989) by aiding double hexamer 
formation (Virshup et al., 1992). In X .laevis inhibition of PP2A prevents binding of Cdc45 to 
origins, the exact mechanism is unknown, but the pre-RC, Cdc45, DDK and S-CDK are not 
targets of PP2A. The phosphatase activity of PP2A antagonises ATM and ATR. Therefore, 
given the regulation of Sld3 by Rad53 (directly regulated by ATR) in budding yeast, Sld3 has 
emerged as the main candidate for regulation by PP2A (Chou et al., 2002; Petersen et al., 
2006). If it is considered that the complex formed in this project in the presence of wild-type 
Rad53 was principally lacking in Cdc45 binding (Figure 4.23) and Sld3 binding was not 
measured it may be that removal of the phosphatase inhibitors is required to aid Cdc45 binding 
by reinstating one natural control mechanism governing Rad53.  
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The final difference in assay design between that of Heller and colleagues and this project was 
the way in which protein levels in the extract were increased and the source of purified proteins 
added to the extracts. Heller and colleagues expressed Sld2, Sld3, Dpb11 and Cdc45 from a 
plasmid during the preparation of cultures for S phase extracts. In this project purified proteins 
were added. The expression of proteins in cells during S phase may allow for some 
post-translational modifications that positively influence the activity of the protein. However, 
overexpression of such highly regulated proteins may also have unintended effects on the cell 
cycle.  
Where purified proteins were added Heller and colleagues purified them from budding yeast. 
However, the Sld2, Dpb11, GINS and Mcm10 used in this study were expressed in bacteria. 
This may have influenced the post translational modifications of the proteins and affected their 
activity, although proteins from bacteria could be modified within the extract. Nevertheless, 
given that DDK exhibits a preference for pre-phosphorylated substrates, expression of proteins 
in yeast may increase the proportion of proteins carrying the correct pattern of pre-
phosphorylation. On the other hand, Heller and colleagues relied on the use of epitope tagged 
proteins, but only Cdc45 and Sld3 carried an epitope tag in this project. The interaction of 
some proteins may have been influenced if a bulky tag was attached to it. For example, Heller 
and colleagues used MBP-Mcm10 in their ‘add back’ experiments and this could not support 
the same degree of Cdc45 binding as endogenous Mcm10.    
Summary and Future work 
Work carried out in this chapter aimed to develop an assay that could recapitulate helicase 
activation and replisome formation. This was an ambitious project and required the generation 
of many new reagents. Initial assays sought to capitalise on the recently established pre-RC 
assembly assay developed by the Speck group (Evrin et al., 2009) by using the reconstituted 
pre-RC as bait for recruitment of pre-IC and pre-LC proteins supplied in S phase extracts. 
Preliminary assays showed promise, as MBP-Sld3 bound specifically to the pre-RC. However, 
they also demonstrated a lack of sensitivity and efficiency within the assay using the existing 
reagents. One of the major achievements of this project was in the expansion of the reagent 
pool of the Speck group to enable improved analysis of pre-LC and pre-IC proteins. Work in 
this project contributed three new purification methods and was responsible for obtaining and 
characterising peptide antibodies against all essential pre-IC and pre-LC proteins.  
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The helicase activation assays carried out using the newly generated reagents were promising. 
pUC19-ARS1 supported binding of Cdc45, Mcm10, Sld5 and Dpb11 in a pre-RC specific 
manner. Most encouraging was the observation that Cdc45 binding was driven by DDK in line 
with published reports (Heller et al., 2011; Nougarede et al., 2000; Sheu and Stillman, 2006; 
Zou and Stillman, 2000). However, DNA unwinding was not supported by this plasmid (Figure 
4.21), as the method used to attach it to the magnetic beads for the helicase activation assay 
created topological barriers to DNA unwinding. Consequently, subsequent assays were carried 
on linear DNA. In the presence of Rad53-KD, the specificity for the pre-RC of the complex 
formed on linear DNA was decreased compared to the plasmid, but all targeted proteins were 
detected. The best complex formation on ARS305-5kb was obtained using S phase extracts 
containing wild-type Rad53 because Dpb11 and GINS binding were enriched at the pre-RC. 
However, this complex was not forming in a physiological manner, as Cdc45 binding was not 
specific, but Dpb11, GINS and Mcm10 bound specifically to the pre-RC, suggesting that 
further work is required. 
The data in this chapter indicate that complex formation on ARS305-5kb is improved in the 
presence of wild-type Rad53 and that complex formation should be analysed in the absence of 
phosphatase inhibitors. One helicase activation assay was carried out under these conditions 
and specificity for the pre-RC was slightly enhanced (data not shown). However, the binding 
of each protein was slightly altered on the linear fragment compared to the plasmid. Therefore, 
it would be of benefit to reassess the contribution of each purified protein to complex assembly 
under these new conditions. However, the endogenous protein should also be depleted to 
improve the clarity of the result. In addition, the data in this chapter combined with those from 
Heller and colleagues identified several technical parameters for further investigation 
including: the degradation of Cdc7, the amount of Cdc45, the presence of phosphatase 
inhibitors and the availability of antibodies targeting Sld3 and Sld2.  
One of the major differences between the S phase extract implemented here and that of Heller 
and colleagues was the method used to inactive Cdc7. The incubation at the restrictive 
temperature in the Heller study was considerably longer and should be tested with the assay 
designed in this study. This would decrease the possibility of residual DDK activity persisting 
in the extract and confusing the interpretation of assays assessing the influence of each kinase 
on complex assembly. This study could not produce highly pre-RC-specific Cdc45 binding and 
there was a concern that Cdc45 might be limiting as it was not supplied in purified form or 
overexpressed. Therefore, future assays should investigate the expression of untagged and 
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Cdc45-6HA from plasmids during extract preparation, as purified Cdc45 is not yet available in 
the Speck group. The restoration of phosphatase activity by the omission of phosphatase 
inhibitors from the S phase extracts may also improve Cdc45 binding, possibly by aiding Sld3 
binding and this should also be tested. In addition, the influence of DDK concentration on 
complex formation should be investigated by means of a titration of purified DDK onto the 
pre-RC and in to the extracts. Furthermore, the impact of S-CDK on complex formation should 
be assessed using the S-CDK inhibitor Sic1 and purified S-CDK in an ‘add back’ experiment. 
Finally, a clearer picture of complex formation will be possible if more proteins can be 
monitored. This could be achieved by obtaining antibodies against Sld3 and Sld2 and 
identifying conditions for mass spectrometry. RPA binding should be continually monitored 
through these assays to assess the influence of the above variables on DNA unwinding. 
Long term goals should include measurement of replication products, KMnO4 footprinting to 
map initial DNA unwinding and mutation of key proteins to determine their importance in 
DNA unwinding. The characterisation of initial DNA unwinding remains relevant because 
although Heller and colleagues concluded that sustained DNA unwinding required the pre-RC, 
Cdc45 and ATP hydrolysis and was not required for the recruitment of Cdc45, Sld3, GINS or 
Mcm10, they did not determine which proteins carry out initial DNA unwinding or when it 
occurs. Use of the above techniques, in conjunction with a fully functional helicase activation 
assay could address these questions. 
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5 Chapter 5 – In vivo assays for DNA unwinding  
The main goal of work presented in this thesis was to detect initial DNA unwinding during the 
initiation of replication. Whilst the experiments described in Chapters 3 and 4 focused on the 
detection of DNA unwinding in vitro, the aim of the work presented in this chapter was to 
monitor DNA unwinding in vivo. By monitoring DNA unwinding in vivo the need for complex 
assays to recapitulate initiation events was circumvented and the events throughout S phase 
could be monitored. The assays described here took advantage of techniques developed earlier 
in this project and those that have been successfully used in other groups studying 
DNA:protein interactions. In order to detect DNA unwinding in vivo, ssDNA-specific 
nucleases were expressed in yeast as they entered S phase. The nucleases were expressed from 
a high copy plasmid containing the yeast two micron origin under control of the galactose-
inducible Gal 10 promoter. This plasmid was then extracted from the yeast and DNA 
unwinding in the two micron origin was analysed by primer extension.  
The in vivo footprints described here differ from the ‘traditional’ in vivo footprints because the 
footprinting agent was applied to DNA before it was extracted from the cell, rather than the 
other way around. The ‘traditional’ in vivo footprints have been successful in producing 
DNaseI and copper phenanthroline footprints at a replication origin (Diffley and Cocker, 1992; 
Diffley et al., 1994). However, ssDNA is a fragile structure prone to breakage, reannealing or 
coating with RPA (DePamphilis and Bell, 2011b) and has so far been undetectable during 
initiation of budding yeast replication using traditional footprinting methods. In vivo KMnO4 
footprinting using the ‘traditional’ method was attempted in this study, but was unsuccessful 
(data not shown). Various enzymes have been successfully expressed in vivo and used as 
footprinting reagents. Methyltransferases were expressed and used to detect interaction of 
regulatory proteins and histones with DNA (Kladde and Simpson, 1996; Kladde et al., 1996) 
and DNaseI was used to map the binding of a labile transcriptional repressor at a promoter 
(Wang and Simpson, 2001). Consequently, a similar approach was adopted here and the 
ssDNA-specific nucleases, nuclease P1 and nuclease S1, were expressed in living cells.  
In order to complete the in vivo footprints several methods or resources were required. A 
method for recovering the plasmid from yeast was established. The primer extension method 
described in Chapter 3 was modified to incorporate multi-cycle extension. DNA cassettes that 
encoded ssDNA-specific nucleases were designed, synthesised and inserted into a yeast 
expression plasmid. Nuclease P1 was selected for the initial experiments. Two yeast strains 
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containing a temperature-sensitive allele of CDC9 were obtained and transformed with a 
plasmid containing nuclease P1. Cdc9 is the main ligase in yeast responsible for ligating 
ssDNA breaks (Johnston, 1983; Johnston and Nasmyth, 1978; Lindahl and Barnes, 1992) and 
was inactivated during the experiments described here to prevent repair of ssDNA cuts by the 
nuclease. The resulting strains were characterised to ensure that their temperature-sensitive 
phenotype was preserved and the nuclease was stably expressed. Finally, experimental growth 
conditions were established to ensure adequate expression of the nuclease, degradation of Cdc9 
and synchronisation of the cells.  Subsequently, initial in vivo footprints were carried out using 
nuclease P1. However, nuclease P1 expression had a limited effect on cell growth and no DNA 
unwinding was detected. Several other ssDNA-specific nucleases were screened for inhibition 
of cell growth and nuclease S1 was selected for further in vivo footprints. However, although 
S1 was expressed no DNA unwinding was detected.   
5.1 Development of in vivo ssDNA-specific nuclease footprinting method 
The initial in vivo footprints described here used nuclease P1 as the enzyme to identify ssDNA. 
Nuclease P1 was selected as it has been used extensively in in vitro assays for DNA unwinding 
(Bramhill and Kornberg, 1988; Grainge et al., 2006; Hwang and Kornberg, 1992; Kawakami et 
al., 2005; Polaczek et al., 1998; Speck and Messer, 2001). Yeast lacking Cdc9 ligase activity 
were synchronised in S phase and nuclease P1 was expressed from a high copy plasmid 
(pESC-His), which also contains a yeast two micron origin. Samples were removed throughout 
S phase and analysed for nuclease P1 expression. In addition, plasmid was extracted from the 
cells and the two micron yeast origin was analysed by primer extension to monitor the 
appearance of nuclease P1 cut sites, indicative of DNA unwinding. Cut sites specifically 
attributable to nuclease P1 were identified by comparing plasmid from the nuclease expressing 
strain with plasmid from a strain expressing the empty pESC-His vector.      
In order to obtain an in vivo footprint the in vitro nuclease P1 footprinting protocol described in 
Chapter 3 was modified in two ways. First, a method was developed to recover plasmid from 
yeast to provide a template for the primer extension. Second, the primer extension method was 
modified and Klenow polymerase was replaced with Taq polymerase to enable multi-cycle 
primer extension. A DNA cassette containing the nuclease P1 coding sequence and a 
temperature-sensitive CDC9 strain were obtained. The DNA cassette was cloned in to the 
pESC-His yeast expression vector and transformed in to the CDC9 temperature-sensitive 
strains. The resulting strains were characterised to ensure their suitability for in vivo 
footprinting.  
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5.1.1 Adapting the primer extension method to analyse small amounts of template DNA 
Once the in vivo footprint method had been established using plasmid DNA extracted from 
yeast, the long term aim was to target replication origins at their chromosomal loci. Unlike the 
plasmid origin, which is present many times in each cell, the chromosomal origins are each 
represented once. This meant that primer extension reactions had to be adapted to 
accommodate smaller amounts of template DNA.  The most straightforward way to achieve 
this was to carry out multiple cycles of primer extension in a single reaction. For simplicity the 
protocol was established using plasmid DNA. The Klenow polymerase used to generate the in 
vitro footprints in Chapter 3 is not heat stable and cannot survive incubation at 95 °C, which is 
necessary for multi-cycle primer extension. Therefore, heat stable polymerases were tested for 
their compatibility with primer extension. Commercially available Vent (NEB), Taq (Roche) 
and Phusion (Finnzymes) polymerases were all tested (data not shown). Taq polymerase 
performed the best and was used for all primer extensions described in this chapter.  
5.1.2 Extracting pESC-His-P1 from yeast for primer extension analysis 
The in vivo footprint could only be successful if modified DNA was recovered from the yeast 
expressing nuclease P1. Several different extraction methods were investigated. Plasmid DNA 
can be extracted from yeast following mechanical lysis of the cells (Sobanski and Dickinson, 
1995), but this proved impractical to scale up and could not be easily adapted to handle large 
numbers of samples (data not shown). There are several commercially available kits for 
extracting plasmids from yeast. The Qiagen MiniPrep kit, Promega Magic Miniprep kit and 
ZymoPrep yeast plasmid MiniPrep kit II were tested. Although the Qiagen MiniPrep is 
designed for use in bacteria, it has been adapted to extract plasmids from yeast (Singh and 
Weil, 2002). However, these methods did not provide a large enough quantity of DNA with 
sufficient purity for primer extension (data not shown). Extraction of plasmid DNA from yeast 
is often achieved following spheroplasting (Amberg et al., 2005; Singh and Weil, 2002). 
Spheroplasting is the removal of the tough yeast cell wall by digestion with either lyticase or 
zymolyase enzymes, leaving the underlying cell membrane intact. These cell wall depleted 
yeast are referred to as spheroplasts.  
Two different methods for plasmid extraction following spheroplasting were tested. Both 
methods used lyticase to generate spheroplasts, but differed in the way the spheroplasts were 
lysed and the DNA purified. Method 1 used Triton X-100 to lyse the spheroplasts and lithium 
chloride to precipitate RNA, leaving DNA and proteins in the soluble fraction. The DNA was 
then further purified by isopropanol precipitation and the Qiagen MiniPrep kit. Method 2 used 
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SDS to lyse the spheroplasts. DNA was extracted using phenol/chloroform and RNA was 
removed by treatment with RNaseA. The two methods were compared to determine their 
efficiency and compatibility with primer extension. Plasmid was extracted from a decreasing 
number of cells and the plasmids obtained were used as template DNA in primer extension 
reactions (Figure 5.1). Both methods produced plasmid suitable for primer extension. 
However, method 1 was higher yielding, with even the lowest number of cells tested providing 
enough plasmid for primer extension. For the in vivo footprints described here method 1 was 
used to purify plasmid DNA. The highest number of cells tested here was harvested, but the 
concentration of the resulting plasmid was measured and about 200 ng was used per primer 
extension reaction. This enabled more than one primer to be tested on each batch of plasmid 
DNA extracted.  
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Figure 5.1: Primer extension analysis of plasmid DNA extracted from yeast 
Plasmid DNA extracted from yeast was analysed by primer extension. Plasmid was extracted 
from 1.9x10
9
, 9.5x10
8
, 4.8x10
8
, 2.4x10
8
 and 1.2x10
8
 cells by either method 1 or method 2. The 
entire yield of each extraction was analysed by 6 cycles of extension with Taq polymerase and 
a 5'-end-labelled primer reading through the two micron yeast origin contained on the plasmid.    
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5.1.3 Preparation of nuclease P1 expression plasmids 
Nuclease P1 originates from the mould Penicillium citrinum. The genome of P. citrinum has 
not been sequenced, but the amino acid sequence of nuclease P1 has been determined 
(Maekawa et al., 1991). To obtain a DNA sequence for nuclease P1 the amino acid sequence 
was reverse translated. The resulting DNA sequence was engineered to enable maximum 
expression in yeast by preventing the use of codons that are not commonly found in yeast 
(codon optimisation was carried out by Genscript, Piscataway, USA). A FLAG-tag and one 
copy of the SV40 nuclear localisation signal (NLS) were fused to the coding sequence of the 
nuclease. The FLAG-tag was added to allow detection of nuclease P1 by Western blotting. An 
NLS was included to ensure that the nuclease was targeted to the nucleus where it could 
interact with replicating DNA. A DNA cassette consisting of nuclease P1 with an N-terminal 
FLAG-tag and C-terminal NLS was synthesised by Genscript. The cassette was cloned into 
either one or both of the multiple cloning sites of the yeast expression plasmid pESC-His, 
placing gene expression under the control of one or two galactose-inducible promoters. The 
resulting plasmids are referred to as pESC-His-P1 or pESC-His-Double-P1.  
5.1.4 Preparation of yeast strains expressing nuclease P1 
The Cdc9 ligase is responsible for joining Okazaki fragments during lagging strand replication 
and is also involved in DNA repair (Johnston, 1983; Johnston and Nasmyth, 1978; Lindahl and 
Barnes, 1992). In order to prevent religation of nuclease P1-induced cuts, Cdc9 was inactivated 
during in vivo footprinting assays using ts-strains. Two different ts-alleles of CDC9 (Cdc9-1 
and Cdc9-2) were tested. Cdc9-1, Cdc9-2 and their parental strain W4, containing wild-type 
CDC9 were transformed with pESC-His-P1, pESC-His-Double-P1 or the empty pESC-His 
vector. The nine resulting strains were characterised to ensure that they retained their 
temperature-sensitive phenotype and expressed nuclease P1. It was imperative to check the 
temperature-sensitive phenotype because the CDC9 mutants are extremely prone to 
accumulating second site suppressors (A.K. Bielinsky, personal communication).  
The expression of nuclease P1 at the permissive temperature was measured by Western blot 
(Figure 5.2). Nuclease P1 was detectable after two hours of galactose induction in all strains 
and protein levels increased throughout the twenty four hour growth period measured. The 
Cdc9-1 and Cdc9-2 strains and parental W4 strain showed equal nuclease P1 expression 
(Figure 5.2; compare A/B with C).  Expression of nuclease P1 from two promoters on the same 
plasmid simultaneously resulted in modestly increased protein levels (Figure 5.2; compare left 
and middle panels).  
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Figure 5.2: Expression of nuclease P1 in Cdc9-1, Cdc9-2 and W4 strains at 25 °C 
Western blots showing the expression of Nuclease P1-FLAG in Cdc9-1 (A), Cdc9-2 (B) and 
W4 (C) strains. Each strain was transformed with pESC-His-P1 (left panel), pESC-His-
Double-P1 (middle panel) or pESC-His (right panel). Nuclease expression was carried out at 
the permissive temperature (24 °C) in the presence of galactose for up to 24 hours. Samples 
were removed after 0, 2, 4, 8, 10 and 24 h growth with galactose. Nuclease P1 protein was 
visualised using anti-FLAG antibody. Equal loading was confirmed by Ponceau staining.  
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The effect of the expression of nuclease P1 on the degradation of Cdc9 at the restrictive 
temperature was tested to confirm that expression of nuclease P1 did not interfere with the 
temperature-sensitivity of the Cdc9-1 or Cdc9-2 strains. The levels of Cdc9 protein should be 
maximally decreased following ninety minutes at the restrictive temperature (Das-Bradoo et 
al., 2010). All strains were grown in galactose-containing medium, to induce nuclease P1 
expression, for up to six hours at the restrictive temperature and the levels of Cdc9 monitored 
by Western blot (Figure 5.3). Expression of nuclease P1 had no effect on the degradation of 
Cdc9 in ts-strains or the parental strain (Figure 5.3; compare the left and middle panels with the 
right panel). In the parental strain, Cdc9 levels were maintained even after 6 hours at 35 °C 
(Figure 5.3 C). 
The effect of nuclease expression and Cdc9 inactivation on the growth of the yeast strains was 
measured. Each strain was spotted on to a plate containing either glucose (no nuclease P1 
expression) or galactose (nuclease P1 expression) and grown at the permissive (Cdc9 present) 
or restrictive (Cdc9 degraded) temperature (Figure 5.4). All strains grew comparably when 
plated on glucose plates at the permissive temperature (Figure 5.4 A). When the expression of 
nuclease P1 was induced at the permissive temperature all strains grew slower, as galactose is a 
poorer carbon source than glucose because yeast cannot directly metabolise it like they can 
glucose (Barnett, 1976). However, some strain-specific differences were visible. 
Cdc9-1-pESC-His grew more slowly than either Cdc9-2-pESC-His or W4 pESC-His. Cdc9-1 
showed a growth impediment in the presence of pESC-His-P1 and this was increased with 
pESC-His-Double-P1 (Figure 5.4 B). Growth of the W4 strain was unaffected at 35 °C in the 
absence of nuclease P1, as Cdc9 remained present, but Cdc9-1 did not grow at all and Cdc9-2 
grew extremely poorly (Figure 5.4 C). At 35 °C, galactose again supported slower growth 
(Figure 5.4; compare W4 pESC-His in C and D). In the presence of nuclease P1 at the 
restrictive temperature Cdc9-1 failed to grow, Cdc9-2 grew very little and the growth of the 
W4 strain was impeded (Figure 5.4 D).  
The Western blots and growth assays demonstrated that transformation of Cdc9-1, Cdc9-2 and 
W4 with nuclease P1 did not compromise their temperature-sensitive phenotypes. Moreover, 
nuclease P1 was expressed at the permissive temperature and did not affect the degradation of 
Cdc9 at the restrictive temperature. Nuclease P1 expression inhibited cell growth at both 
temperatures. All phenotypes were more striking in Cdc9-1 than Cdc9-2 and Cdc9-1 
pESC-His-Double-P1 and pESC-His were used for the in vivo footprint assays.  
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Figure 5.3: Degradation of Cdc9 at 35 °C in the presence and absence of nuclease P1 
Western blots showing the expression of Cdc9 in Cdc9-1 (A), Cdc9-2 (B) and W4 (C) strains. 
Each strain was transformed with pESC-His-P1 (left panel), pESC-His-Double-P1 (middle 
panel) or pESC-His (right panel). Nuclease expression was carried out at the restrictive 
temperature (35 °C) in the presence of galactose for up to 6 hours. Samples were removed after 
0, 2, 4 and 6 h growth with galactose. Levels of Cdc9 protein were measured using anti-Cdc9 
antibody. Equal loading was confirmed by Ponceau staining.  
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Figure 5.4: Effect of nuclease P1 expression on cell growth at 24 °C and 35 °C 
Yeast growth assay showing the effect of nuclease P1 expression and Cdc9 degradation on cell 
growth. Cdc9-1, Cdc9-2 and the parental W4 strains were transformed with pESC-His-P1 (P1), 
pESC-His-Double-P1 (Double) or empty pESC-His. Serial dilutions of cells ranging from 
1x10
7
 – 1x102 cells were spotted on to SC plates lacking histidine with either 2 % glucose (no 
nuclease P1 expression) or 2 % galactose (nuclease P1 expressed). Plates were incubated for 
four days at 24 °C (Cdc9 present) or 35 °C (Cdc9 degraded).    
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5.2 In vivo nuclease P1 footprinting 
In vivo nuclease P1 footprinting was carried out using Cdc9-1 pESC-His-Double-P1 and 
Cdc9-1 pESC-His. Cells were grown for six hours with galactose at the permissive temperature 
to induce expression of nuclease P1 then arrested with α factor for four hours. After two and a 
half hours in α factor cells were switched to the restrictive temperature to inactivate Cdc9. 
Cells were then released from α factor for two hours, with samples removed at regular intervals 
throughout the release. Nuclease P1 levels and cell cycle progression were monitored 
throughout the experiment by Western blotting and flow cytometry respectively. During the α 
factor release plasmid was extracted from the yeast and the two micron origin was analysed by 
primer extension.  
Cdc9-1 pESC-His-Double-P1 cells expressed nuclease P1 throughout the experiment (Figure 
5.5 A) and both Cdc9-1 pESC-His-Double-P1 and Cdc9-1 pESC-His cells arrested in G1 phase 
and then progressed synchronously through S phase. Expression of nuclease P1 had minimal 
influence on cell cycle progression, as Cdc9-1 pESC-His-Double-P1 entered S phase with 
similar kinetics to Cdc9-1 pESC-His (Figure 5.5 B). Plasmid was extracted from cells during 
the α factor release and analysed by agarose gel (Figure 5.6). The amount of plasmid recovered 
from each sample varied, with some samples yielding very little DNA, but the preparations 
were relatively pure. Plasmid extracted at each timepoint was used as a template for primer 
extension and the products were analysed on a urea sequencing gel (Figure 5.7). Wherever 
possible an equal amount of DNA was added to each primer extension reaction, but if the 
recovery of plasmid was low the entire yield was used. The amount of DNA in each sample 
showed some variability following primer extension, but this did not prevent interpretation of 
the gel. There was no difference between plasmid extracted from Cdc9-1 pESC-His-Double-P1 
and Cdc9-1 pESC-His and no nuclease-reactive sites appeared during S phase. 
The lack of nuclease cut sites could not be attributed to a lack of DNA unwinding. DNA 
unwinding was present in the cells from both strains because the flow cytometry data showed 
that S phase was underway in all samples analysed by primer extension (Figure 5.5 B). 
Consequently, it was considered that nuclease P1 may not have had sufficient activity within 
the cells during the assay and alternative ssDNA-specific nucleases were assessed. The effect 
of nuclease expression on cell growth was used as a guide for intracellular activity. In addition, 
the design of the DNA cassettes containing the ssDNA-specific nucleases was altered. The 
NLS sequence used was substituted for one that had been successfully used in yeast and not 
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affected protein activity (Nguyen et al., 2000). In the modified cassettes the nuclease was 
followed by two copies of the SV40 NLS and a FLAG-tag joined by flexible linkers.  
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Figure 5.5: Nuclease P1 expression and cell cycle progression during in vivo nuclease P1 
footprint 
Western blot analysis of nuclease P1 expression (A) and flow cytometry analysis of cell cycle 
progression (B) during the in vivo nuclease P1 footprint. Cells expressing nuclease P1 (Cdc9-1 
P1) or empty vector (Cdc9-1 pESC) were grown in the presence of galactose for 6 h at 24 °C 
then arrested with α factor for 4 h. After 2.5 h of α factor arrest the degradation of Cdc9 was 
induced by increasing the temperature to 35 °C for the final 1.5 h. Cells were then released into 
the cell cycle at the 35 °C and sampled every 10 min for 1 h and every 30 min for a second 
hour. The time cells were grown in the presence of galactose (h) and duration of the α factor 
release (min) is indicated above the Western blots and to the left of the flow cytometry profiles. 
Timepoints carried out at 35 °C are labelled red. Nuclease P1 expression was monitored by 
anti-FLAG Western blot (A) and cell cycle progression was measured by staining the DNA 
with propidium iodide and analysing the DNA content by flow cytometry (B). Cells containing 
one (1C) or two copies (2C) of their DNA are marked with a red line. Cells in G1 have 1C 
DNA, cells in S phase have between 1 and 2C DNA and cells in mitosis have 2C DNA.   
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Figure 5.6: Plasmid extraction of pESC-His-Double-P1 and pESC-His from Cdc9-1 
Agarose gel showing the plasmids extract from yeast following in vivo nuclease P1 
footprinting. Cells were grown as described in the legend for Figure 5.5. Cells were harvested 
at each timepoint in the α factor release, spheroplasted, lysed and the plasmid DNA purified. 
The time (min) since release from α factor is indicated above the gel. Cells expressing nuclease 
P1 contained pESC-His-Double-P1 (+) and the control cells contained pESC-His (-). 
pESC-His-Double-P1 is approximately 8.4 kb and pESC-His is approximately 6.7 kb. DNA 
sizes were measured against a 1 kb ladder containing DNA fragments of 7126, 6108, 5090, 
4072 and 3054 base pairs.    
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Figure 5.7: In vivo nuclease P1 footprint at the two micron origin  
Primer extension analysis of the two micron origin on plasmids recovered following in vivo 
nuclease P1 footprinting. Cells were grown as described in the legend for Figure 5.5. Cells 
were harvested at each timepoint in the α factor release, spheroplasted, lysed and the plasmid 
DNA purified. Where possible 200 ng of plasmid DNA was primer extended, otherwise all 
plasmid recovered was extended. Cells expressing nuclease P1 contained pESC-His-Double-
P1 (+) and the control cells contained pESC-His (-). The time (min) since α factor release is 
indicated above the gel. Six cycles of primer extension were carried out with Taq polymerase 
using a 5'-end-labelled primer. The genetically conserved ACS of the two micron is indicated 
to the left of the gel.  
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5.2.1 Growth assay with alternative ssDNA-specific nucleases 
In order to determine whether nuclease P1 performed better using the modified construct 
design, a new DNA cassette containing nuclease P1 (nuclease P1 v2.0) was synthesised by 
Genscript. In addition, three further constructs were synthesised containing different nucleases. 
The nucleases differed in their activity at different pH, source and preference for ssDNA over 
RNA. Nuclease S1 is secreted by the mould Aspergillus oryzae, shares about fifty percent 
sequence homology with nuclease P1 (Iwamateu et al., 1991) and has a higher preference for 
ssDNA than nuclease P1 (Maekawa et al., 1991). Both nuclease P1 and S1 favour slightly 
acidic pH conditions (Desai and Shankar, 2003; Gite and Shankar, 1995). Nuclease O (NucO) 
is an intracellular enzyme from A. oryzae and has higher preferred pH than nuclease P1 or S1, 
favouring a pH between 7.2 and 8.2 (Sano et al., 1996). Cel1 is a eukaryotic nuclease from 
celery that functions optimally at neutral pH (Yang et al., 2000). Each of the four new DNA 
cassettes was cloned into pESC-His then transformed into Cdc9-1, Cdc9-2 and W4 strains. All 
new strains and the nine previously characterised strains (Section 5.1.4) were spotted on to a 
plate containing either glucose (no nuclease P1 expression) or galactose (nuclease P1 
expression) and grown at the permissive (Cdc9 present) or restrictive (Cdc9 degraded) 
temperature, as previously. However, this time the dilution series was altered to cover wider 
range of dilutions to increase the sensitivity of the assay.  
All strains grew similarly when plated on glucose plates at the permissive temperature, 
although Cdc9-2 strains grew slightly slower than Cdc9-1 or W4 strains (Figure 5.8 A). When 
the expression of nuclease P1 was induced at the permissive temperature all strains grew 
slower, as previously observed. In all backgrounds, nuclease S1, NucO and Cel1 impeded 
growth more than any permutation of nuclease P1 (one copy, two copies or the modified 
construct). However, nuclease S1 expression produced the strongest phenotype (Figure 5.8 B). 
Growth on glucose at the restrictive temperature differed between the different backgrounds. 
The W4 strains grew better than Cdc9-1 or Cdc9-2, reflecting their wild-type CDC9 status. 
Strains with the cdc9-2 background had less severe growth phenotypes than Cdc9-1 strains, but 
in general the strains grew at similar rates (Figure 5.8 C). When nuclease expression was 
induced and Cdc9 inactivated, strains expressing nuclease S1 and NucO had the most 
compromised growth (Figure 5.8 D). It was decided to repeat the in vivo footprint with Cdc9-1 
pESC-His-S1 and Cdc9-1 pESC-His, as Cdc9-1 pESC-His-S1 exhibited the strongest growth 
phenotype in the absence of Cdc9 and presence of nuclease.  
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Figure 5.8: Effect of ssDNA-specific nuclease expression on growth at 24 °C and 35 °C 
Yeast growth assay showing the effect of ssDNA-specific nuclease expression and Cdc9 
degradation on cell growth Cdc9-1, Cdc9-2 and the parental W4 strains were transformed with 
the original pESC-His-P1 (P1), pESC-His-Double-P1 (Double) or empty pESC-His vector 
(pESC). In addition, modified DNA cassettes were also transformed: pESC-His-P1 (P1 V2), 
pESC-His-S1, pESC-His-NucO and pESC-His-Cel1. Serial dilutions of cells ranging from 
2x10
7
 – 6.4x102 cells were spotted on to SC plates lacking histidine with either 2 % glucose 
(no nuclease expression) or 2 % galactose (nuclease expressed). Plates were incubated for three 
days at 24 °C (Cdc9 present) or 35 °C (Cdc9 degraded).    
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5.3 In vivo nuclease S1 footprinting 
In vivo footprinting was carried out as described in Section 5.2, except that nuclease S1 
replaced nuclease P1. However, the cells expressing nuclease S1 failed to progress through S 
phase following release from the α factor arrest (data not show). Expression of nuclease S1 had 
a much stronger effect on the cell cycle within the timeframe of the assay than expression of 
nuclease P1. Consequently, the effect of nuclease S1 expression on the α factor arrest and 
release of Cdc9-1 pESC-His-S1 was tested. In the standard in vivo footprint protocol, cells 
were grown for six hours at the permissive temperature to allow accumulation of nuclease then 
arrested for four hours with α factor. The effect of decreasing duration of nuclease S1 
expression to between one and four hours prior to α factor arrest was investigated and the α 
factor arrest was decreased to three hours with the switch to the restrictive temperature after 
ninety minutes. Nuclease S1 expression was monitored by Western blot and cell cycle 
progression was monitored by flow cytometry (Figure 5.9).  
The varied growth conditions throughout the experiment affected the positions of the 1C and 
2C peaks in the flow cytometry data. The change from SCGL minimal media to rich media 
containing galactose between the first and second samples caused the 1C and 2C peaks to shift 
slightly to the right. A second shift occurred when the temperature was increased to 35 °C 
(Figure 5.9 A-D). The first shift is probably due to the change of carbon source and this has 
been observed previously (Haase and Lew, 1997). The second shift could be due to increased 
cell size throughout the assay and/or the growth temperature affecting chromatin structure, 
thereby influencing the intercalation of propidium iodide. Increased cell size has previously 
been shown to make cells appear brighter when stained with propidium iodide (Haase and 
Lew, 1997). Given that the structural properties of plasmid DNA can be regulated by 
environmental factors, such as salt and temperature (Bowater et al., 1994; Kowalski et al., 
1988), similar factors could also influence chromatin structure, altering the accessibility of the 
chromatin to propidium iodide. The expression of nuclease S1 did not affect the efficacy of the 
α factor arrest, and under all conditions tested it took about forty minutes into the α factor 
release for cells to enter S phase. However, throughout the release a subpopulation of cells 
maintained a 1C DNA content. Cells that progressed into the cell cycle arrested with a DNA 
content just below 2C (Figure 5.9 A-D). The arrest of cells with less than 2C DNA is a 
hallmark of Cdc9 inactivation (Das-Bradoo et al., 2010).  
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Expression of nuclease S1 was not visible after one hour (Figure 5.9 E) and appeared weakly 
after two hours (Figure 5.9 F) increasing after three (Figure 5.9 G) and four (Figure 5.9 H) 
hours. Although, nuclease expression was highest after four hours pre-expression it was 
decided that the in vivo footprint would be carried out after three hours of pre-expression, as 
this was the earliest timepoint at which there was a good signal in the Western blot prior to the 
α factor arrest.  
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Figure 5.9: Effect of nuclease S1 expression on cell cycle progression 
Flow cytometry analysis of cell cycle progression and Western blot analysis of nuclease P1 
expression. Cells expressing nuclease S1 (Cdc9-1-S1) were grown in the presence of galactose 
for 1 (A, E), 2 (B, F), 3 (C, G) or 4 (D, H) hours at 24 °C then arrested with α factor for 3 h. 
After 1.5 h of α factor arrest the degradation of Cdc9 was induced by increasing the 
temperature to 35 °C for the final 1.5 h. Cells were then released into the cell cycle at the 35 °C 
and sampled every 20 min for 2 h. The time cells were grown in the presence of galactose (h) 
and duration of the α factor release (min) is indicated above the Western blots and to the left  of 
the flow cytometry profiles Timepoints labelled in red indicate steps carried out at 35 °C. 
Nuclease S1 expression was monitored by anti-FLAG Western blot (A-D). Cell cycle 
progression was measured by staining the DNA with propidium iodide (E-H). Cells containing 
one (1C) or two copies (2C) of their DNA are marked with a red line (aligned to the peak 
positions at 35 °C). Cells in G1 have 1C DNA, cells in S phase have between 1 and 2C DNA 
and cells in mitosis have 2C DNA.   
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In vivo nuclease S1 footprinting was carried out as described above, except that nuclease S1 
was expressed for three hours prior to α factor arrest and the arrest was carried out for ninety 
minutes at 24 °C and a further ninety minutes at 35 °C. As previously, nuclease S1 expression 
was monitored by Western blot and cell cycle progression was monitored by flow cytometry. 
One change was made to the flow cytometry in that Sytox green replaced propidium iodide, 
because Sytox green staining is less affected by cell size than propidium iodide staining (A.K. 
Bielinsky, personal communication) and cell size increased during the in vivo footprint.  
Cdc9-1 pESC-His-S1 cells expressed nuclease S1 throughout the experiment, but protein levels 
were not well maintained and decreased when cells were grown at the restrictive temperature 
(Figure 5.10 A). Both Cdc9-1 pESC-His-S1 and Cdc9-1 pESC-His cells arrested in G1 phase 
and then entered S phase. After about thirty minutes some cells entered S phase, although in 
the presence of nuclease S1 the number of cells entering S phase decreased. In the Cdc9-1 
pESC-His strain most cells passed through S phase and entered mitosis, whereas in the Cdc9-1 
pESC-His-S1 strain more cells remained in G1 (Figure 5.10 B). The plasmid was extracted 
from cells throughout the α factor release and analysed by agarose gel electrophoresis (Figure 
5.11). The amount of plasmid recovered from each sample varied, with some samples yielding 
very little DNA. Less DNA was recovered from cells expressing nuclease S1. The plasmid 
DNA was not very pure and a reasonable amount of chromosomal DNA was present in the 
samples. Wherever possible an equal amount of DNA was added to each primer extension 
reaction, but if the recovery of plasmid was low the entire yield was used. The amount of DNA 
in each sample showed some variability following primer extension, but this did not prevent 
interpretation of the gel. There was no difference between plasmid extracted from Cdc9-1 
pESC-His-S1 and Cdc9-1 pESC-His and no nuclease-reactive sites appeared during S phase 
(Figure 5.12). 
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Figure 5.10: Nuclease S1 expression and cell cycle progression during in vivo nuclease S1 
footprint 
Western blot analysis of nuclease S1 expression (A) and flow cytometry analysis of cell cycle 
progression (B) during the in vivo nuclease S1 footprint. Cells expressing nuclease S1 (Cdc9-1-
S1) or empty vector (Cdc9-1-pESC) were grown in the presence of galactose for 3 h at 24 °C 
then arrested with α factor for 3 h. After 1.5 h of α factor arrest degradation of Cdc9 was 
induced by increasing the temperature to 35 °C for the final 1.5 h. Cells were released into the 
cell cycle at the 35 °C and sampled every 10 min for 2 h. The time cells were grown in the 
presence of galactose (h) and duration of the α factor release (min) is indicated above the 
Western blots and to the right of the flow cytometry profiles. Timepoints labelled in red 
indicate steps carried out at 35 °C. Nuclease S1 expression was monitored by anti-FLAG 
Western blot (A). Cell cycle progression was measured by staining the DNA with Sytox green 
(B). Cells containing one (1C) or two copies (2C) of their DNA are marked with a red line. 
Cells in G1 have 1C DNA, cells in S phase have between 1 and 2C DNA and cells in mitosis 
have 2C DNA.  
Chapter 5 – In vivo assays for DNA unwinding 
216 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11: Plasmid extraction of pESC-His-S1 and pESC-His from Cdc9-1 yeast 
Agarose gel showing the plasmids extract from yeast following in vivo nuclease S1 
footprinting. Cells were grown as described in the legend for Figure 5.10. Cells were harvested 
at each timepoint in the α factor release, spheroplasted, lysed and the plasmid DNA purified. 
The time (min) since release from α factor is indicated above the gel. Cells expressing nuclease 
S1 contained pESC-His-S1 (+) and the control cells contained pESC-His (-). pESC-His-S1 is 
approximately 7.7 kb and pESC-His is approximately 6.7 kb. DNA sizes were measured 
against a 1 kb ladder containing DNA fragments of 5090, 4072, 3054, 2036 and 1636 base 
pairs.    
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Figure 5.12: In vivo nuclease S1 footprint at the two micron origin  
Primer extension analysis of the two micron origin on plasmids recovered following in vivo 
nuclease S1 footprinting. Cells were grown as described in the legend for Figure 5.10. Cells 
were harvested at each timepoint in the α factor release, spheroplasted, lysed and the plasmid 
DNA purified. Where possible 200 ng of plasmid DNA was primer extended, otherwise all 
plasmid recovered was extended. Cells expressing nuclease S1 contained pESC-His-S1 (+) and 
the control cells contained pESC-His (-). The time (min) since α factor release is indicated 
above the gel. Six cycles of primer extension were carried out with Taq polymerase using a 5'-
end-labelled primer. The genetically conserved ACS of the two micron is indicated to the left 
of the gel.  
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In order to better understand the actions of nuclease S1 inside the cells it was green 
fluorescence protein (GFP)-tagged and analysed by microscopy. This was to ensure that it was 
localised in the nucleus throughout the assay. The in vivo footprinting protocol was carried out 
up to the point of the α factor arrest. Samples were removed before GFP-nuclease S1 
expression, after three hours expression, after ninety minutes with α factor and at the end of the 
α factor arrest. As previously, the cells were switched from 24 °C to 35 °C after ninety minutes 
with α factor. Cells were permeabilised with Triton X-100, the DNA stained with DAPI to 
demarcate the nucleus and visualised by florescence microscopy.  
In the absence of galactose, no nuclease S1 expression was detected and no signal was visible 
in the green channel (Figure 5.13 A). After three hours growth with galactose the 
GFP-nuclease-S1 was well expressed and localised in the nucleus (Figure 5.13 B) in more than 
eighty percent of cells in each field. After ninety minutes with α factor (Figure 5.13 C) the 
GFP-nuclease-S1 was mostly localised in the nucleus. However, an increasing number of cells 
began to appear wholly green, indicating that they were not healthy (A. Clemente-Blanco, 
personal communication). These cells were excluded for the purpose of scoring the number of 
cells with nuclear nuclease S1; of the remaining cells about sixty five percent demonstrated a 
clear nuclear localisation of nuclease S1. At the end of the α factor arrest (Figure 5.13 D) more 
than half the cells were wholly green. Of those that remained, less than ten percent exhibited 
strong GFP signal localised to the nucleus. As the expression of nuclease S1 continued the 
GFP signal became increasingly diffuse (Figure 5.13; compare B with C and D). An example 
of a wholly green cell can be seen in Figure 5.13 D (cell 2). The microscopy data indicated that 
a high number of cells were unhealthy by the end of the α factor arrest, which may explain why 
most cells did not progress normally in to S phase in the in vivo footprint (Figure 5.10 B). 
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Figure 5.13: Subcellular localisation of GFP-nuclease S1 
Fluorescence microscopy analysis of subcellular localisation of GFP-nuclease-S1. Cells were grown as described in Figure 5.10, except that they 
were not released from α factor arrest. Samples were removed before nuclease expression (A), after 3 h expression (B), after 1.5 h α factor arrest 
(C) and after 3 h α factor arrest (D). Cells were harvested by centrifugation, washed with PBS, permeabilised with Triton X-100 and resuspended 
in mounting medium containing DAPI. Cells were visualised by fluorescence microscopy. Bright field, GFP, DAPI and GFP and DAPI merged 
images are displayed for three individual cells at each timepoint. 
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5.4 Discussion 
Analysis of DNA unwinding in vitro requires that each stage of replication can be accurately 
recapitulated. Whilst this was the focus of Chapters 3 and 4, in this chapter an in vivo assay for 
DNA unwinding was explored. The advantage of an in vivo assay was that it negated the 
requirement for complex in vitro assays and allowed DNA unwinding to be analysed in a 
relatively natural context throughout the whole of S phase. The footprinting techniques 
developed in Chapter 3 were adapted to form an in vivo footprinting assay. In vivo footprinting 
has been used in yeast (Kladde and Simpson, 1996; Kladde et al., 1996; Wang and Simpson, 
2001) to analyse protein:DNA interactions and requires the transient expression of the 
footprinting reagent to modify the DNA in living cells. The modified DNA is then extracted 
from the cells and analysed by primer extension. In this chapter, the expression of the ssDNA-
specific nucleases nuclease P1 and nuclease S1 was carried out to test their feasibility as in vivo 
footprinting reagents. 
In vivo nuclease P1 footprinting 
Nuclease P1 was selected for the initial in vivo footprints because it has been used extensively 
in in vitro assays for DNA unwinding (Bramhill and Kornberg, 1988; Grainge et al., 2006; 
Hwang and Kornberg, 1992; Kawakami et al., 2005; Polaczek et al., 1998; Speck and Messer, 
2001). Nuclease P1 was expressed in Cdc9-1 cells, containing a ts-allele of CDC9. The Cdc9-1 
background was selected so that Cdc9 could be degraded during S phase to prevent repair of 
the nuclease-induced cuts.  
In vivo nuclease P1 footprinting was carried out using Cdc9-1 pESC-His-Double-P1 and 
Cdc9-1 pESC-His. Nuclease P1 expression was induced, cells were α factor arrested, switched 
to the restrictive temperature to inactivate Cdc9 and released synchronously into S phase. 
Samples were taken throughout S phase, from which plasmid DNA was extracted and the two 
micron plasmid origin analysed for appearance of nuclease-introduced cut sites indicating 
DNA unwinding. Nuclease P1 was well expressed in Cdc9-1 cells (Figure 5.4 A) and its 
presence retarded yeast growth, indicating some activity within the cells (Figure 5.4 B). 
Furthermore, Cdc9 was rapidly degraded on switching to the restrictive temperature (Figure 5.3 
A). However, no nuclease-specific cut sites were visible in any sample analysed (Figure 5.7).  
Several reasons for the lack of detectable DNA unwinding were considered. Given that cells in 
both the nuclease P1 and control strain entered S phase synchronously DNA unwinding was 
certainly occurring within the cells. Therefore, the lack of nuclease-sensitive sites in the primer 
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extension reflected an inherent flaw within the assay. The plasmid extracted from the cells was 
relatively pure (Figure 5.6) and extended well with very little background (Figure 5.7). 
However, it was possible that the activity of nuclease P1 inside the cells was not sufficient to 
generate enough signal to be detected by primer extension. The number of cycles of primer 
extension was increased to sixteen to improve sensitivity, but this did not reveal any nuclease 
cut sites (data not shown). Consequently, ssDNA-specific nucleases that function optimally at 
a range of pH’s from a range of sources were tested to determine whether any of them had a 
stronger effect on cell growth than nuclease P1. Nuclease S1 impeded the growth of Cdc9-1 
cells more effectively than nuclease P1 (Figure 5.8) and was tested as an alternative 
footprinting reagent.  
In vivo nuclease S1 footprinting  
Nuclease S1 footprinting was performed in a similar manner as for nuclease P1. Nuclease S1 
expression created a stronger phenotype than nuclease P1 and longer expression times caused 
an irreversible α factor arrest (data not shown). Shorter expression allowed cell cycle 
progression, but it was abnormal, with a subpopulation of cells retaining a 1C DNA content 
(Figure 5.10). Inactivation of Cdc9 contributed to this phenotype, as it also appeared to a lesser 
extent in cells not expressing nuclease S1 (Figure 5.10 B). Plasmid was extracted from cells 
expressing nuclease S1 and empty vector, as previously, but again no nuclease-induced cut 
sites were detectable. The main issue identified that may have prevented detection of DNA 
unwinding was that the cells did not survive the assay well. A large subpopulation of cells 
failed to re-enter the cycle following α factor arrest in the presence of nuclease S1 (Figure 5.10 
B) and when GFP-nuclease S1 expression was analysed by microscopy many cells showed 
hallmarks of ill health, as nuclear localisation of nuclease S1 was increasingly compromised as 
the experiment continued (Figure 5.13). In addition, nuclease S1 protein levels were not 
maintained throughout the assay (Figure 5.10 A).  
The cell cycle arrest of some cells with a 1C DNA content could indicate that the DNA damage 
response was activated and prevented cells entering S phase. If the DNA damage checkpoint 
was activated during α factor arrest, then cells would either be prevented from entering S phase 
or progress through it very slowly (reviewed in Elledge, 1996).  In addition, flow cytometry 
analysis revealed an increased population of cells with a sub-1C DNA content when nuclease 
S1 was expressed (Figure 5.10 B), which is a hallmark of apoptotic cells. Apoptotic cells also 
display more diffuse DAPI staining, due to nuclear fragmentation and chromatin condensation 
(Carmona-Gutierrez et al., 2010). In the in vivo footprint, cells that displayed diffuse GFP 
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staining often possessed similar DAPI staining (Figure 5.13), suggesting that they may be 
apoptotic. Presence of apoptotic cells would need to be confirmed by an apoptosis-specific 
staining method, such as terminal deoxynucleotidyl transferase dUTP nick end labelling 
(TUNEL) (Carmona-Gutierrez et al., 2010).  The lack of Cdc9 also contributed to the cell cycle 
arrest because even when nuclease S1 was not expressed a small number of cells failed to enter 
S phase (Figure 5.10 B; Cdc9-1 pESC). 
The decreasing protein levels of nuclease S1 throughout the experiment and the small amount 
of plasmid recovered may have the same cause. Purified preparations of nuclease S1 have been 
shown to nick dsDNA, particularly supercoiled DNA, and in some cases to then cut the strand 
opposite the nick to linearise the molecule (Germond et al., 1974; reviewed in Gite and 
Shankar, 1995; Godson, 1973; Mechali et al., 1973). If a similar activity was present in the 
nuclease S1 expressed during the in vivo footprint then the pESC-His-S1 plasmid would be 
attacked given its supercoiled nature. Digestion of the plasmid by nuclease S1 would explain 
why proteins levels decreased over time, as the amount of plasmid available to be transcribed 
was decreasing and why the plasmid yield was lower than from cells expressing nuclease P1, 
as the plasmid was being degraded. The chromosomal DNA present in the plasmid 
preparations for both nuclease S1 expressing and empty vector cells may reflect that the 
samples were resuspended too vigorously in the TELT buffer and some chromosomal DNA 
shearing occurred. The final step of the plasmid extraction protocol is a Qiagen MiniPrep kit. 
In this kit the cell wall-bound chromosomal DNA co-precipitates with insoluble complexes 
containing salt, detergent, and protein, but plasmid DNA and smaller fragments of 
chromosomal DNA remain in the soluble fraction (QIAGEN, 2006).  
It was observed that much of the plasmid extracted from cells expressing nuclease P1 appeared 
to be supercoiled (Figure 5.6), as it ran faster than expected for its size. Supercoiled DNA runs 
faster because ethidium bromide intercalates poorly with it compared to relaxed DNA and 
therefore the retardation in the gel caused by ethidium bromide incorporation is decreased. It 
was difficult to judge for plasmid extracted from nuclease S1 expressing cells, due to the large 
amount of chromosomal DNA present (Figure 5.11). If the plasmid purification method 
implemented in the in vivo footprints favoured recovery of supercoiled plasmid then it would 
not be possible to detect nuclease cuts sites, as these plasmids cannot have been cut. The main 
source of enrichment for supercoiled plasmids was predicted to be the MiniPrep process. 
Therefore, the extraction of DNA from nuclease S1 expressing cells was repeated and the 
MiniPrep step was omitted. Primer extension was carried out across the two micron origin and 
Chapter 5 – In vivo assays for DNA unwinding 
223 
 
also chromosomal ARS1. However, no nuclease specific cut sites were revealed and the primer 
extension efficiency was decreased (data not shown).  
Summary and future work 
A protocol for in vivo footprinting with ssDNA-specific nucleases was established, with 
limited success. Nuclease P1 expression allowed cells to progress normally through the cell 
cycle, but no DNA unwinding was detected. Nuclease S1 expression was detrimental to the 
health of the cells and may have attacked dsDNA as well as ssDNA. Plasmid recovered from 
cells may have been mostly supercoiled, suggesting that the extraction method favoured intact 
plasmids, which were not unwound. Alternatively, in the case of nuclease P1, the recovery of 
supercoiled plasmid may have been due to a lack of activity of nuclease P1.  
Further work is required to determine whether in vivo footprinting using ssDNA-specific 
nucleases is an appropriate method to investigate DNA unwinding. Conditions must be 
identified that allow expression of an active nuclease without overly compromising the heath 
of the cell. Nuclease S1 was very likely to be active inside cells and was nuclear, but resulted 
in poor cell health. Expression of nuclease S1 at a semi-permissive temperature may allow a 
balance between cell health and nuclease activity. Indeed, nuclease S1 still impacts on cell 
growth in a yeast growth assay at 30 °C, albeit to a lesser extent than at 34 °C (data not 
shown). Another possibility is to carry out the footprints in the Cdc9-2 background instead of 
Cdc9-1, as it was more resilient to Cdc9 inactivation and nuclease expression (Figure 5.5 and 
Figure 5.8). Finally, one of the ssDNA-specific nucleases evaluated in the yeast growth assay 
(Figure 5.10), with a phenotype more severe than nuclease P1 expression, but less than 
nuclease S1 expression could be tested in the in vivo footprint.  
The purification method used to obtain plasmid DNA for primer extension emerged as a 
possible source of bias against the recovery of nuclease-cut DNA. Omitting the MiniPrep step 
did not improve the recovery of plasmid or primer extension pattern. Consequently, it would 
offer an advantage to optimise the primer extension to work more efficiently on chromosomal 
DNA. One way in which this could be achieved is to switch to a DNA extraction method 
specifically designed to purify chromosomal DNA, such as the Qiagen genomic tip kit. This kit 
has been used previously to extract DNA from yeast following in vivo footprinting (Wellinger 
and Sogo, 1998). The use of chromosomal DNA would negate the requirement to recover clean 
plasmid and would allow targeting of different types of origins. Therefore, if the in vivo 
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footprint method proves viable then DNA unwinding at early and late origins could be 
compared.  
Finally, the activity and specificity of the expressed nuclease could be measured if the 
nucleases were purified. All expressed nucleases are FLAG-tagged, making their 
immobilisation on anti-FLAG beads straightforward. The activity of the nucleases could be 
tested by incubating the immobilised nucleases with purified ss and dsDNA or they could be 
eluted with FLAG peptide and applied to ss and dsDNA preparations. The DNA products 
following nuclease treatment could be analysed by agarose gel.  
In closing, if nuclease activity can be confirmed, the DNA extraction method adjusted to 
recover chromosomal DNA and assay conditions determined that balance nuclease activity 
with cell survival then in vivo footprinting remains a viable possibility for the detection of 
initial and sustained DNA unwinding during S phase. Examination of the cells by fluorescence 
microscopy many be beneficial to confirm cell health, with GFP-nuclease expression and 
TUNEL staining clear indicators of cell survival. 
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6 Chapter 6 – Summary and conclusions 
Defects in DNA replication are linked to a wide range of pathologies and many proteins 
involved in the initiation of replication have links to diseases, most notably cancers (reviewed 
in DePamphilis, 2006). Therefore, initiation of replication is subject to stringent and partially 
redundant control mechanisms. An understanding of the sequence of events during the early 
stages of DNA replication should facilitate the identification of new therapeutic targets, as 
many of the proteins already known to be involved in initiation are up-regulated in cancer cells 
or have oncogeneic properties (Arentson et al., 2002; Borlado and Mendez, 2008; Seo et al., 
2005). Understanding of the process of initiation of eukaryotic DNA replication during G1 and 
S phase is increasing. However, despite its critical role in replication, DNA unwinding remains 
poorly understood.  
Sustained DNA unwinding activity has been ascribed to the CMG complex (Gambus et al., 
2006; Moyer et al., 2006; Pacek et al., 2006), but it is not known when initial DNA unwinding 
occurs or which proteins are responsible for it. The work described in this thesis aimed to 
investigate initial DNA unwinding. Initial DNA unwinding is important because most helicases 
cannot act directly on dsDNA, making it a key step during helicase activation. There are two 
timepoints during initiation of DNA replication where initial unwinding could occur. The first 
is during helicase loading within the pre-RC and the second is during helicase activation in the 
context of the pre-IC and replisome formation. During this project each possible timepoint for 
initial unwinding was investigated in chronological order in vitro and S phase was scanned for 
the appearance of DNA unwinding in vivo. 
6.1 Investigation of initial DNA unwinding in vitro 
Techniques for in vitro DNaseI, nuclease P1 and KMnO4 footprinting using supercoiled 
plasmid DNA were established within the first part of this project. A protocol for primer 
extension on plasmid DNA was introduced to the group and was successfully implemented in 
all three types of footprint. In addition, the bacterial proteins DnaA and HU were purified and 
used as a positive control for DNA unwinding in the in vitro footprints. They were used to 
determine the activity of commercially available nuclease P1 and identify buffer conditions 
that supported detection of DNA unwinding.  
This project demonstrated that ORC∙Cdc6 have no DNA unwinding activity, but following the 
in vitro reconstitution of pre-RC formation within the Speck group, revealed a novel pattern of 
DNA distortion following loading of the MCM2-7 helicase on to DNA. KMnO4 footprinting 
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showed that two areas within ARS1, one in the B2 element and one upstream of the B3 
element, exhibited permanganate-reactivity following pre-RC formation. Phosphorylation of 
the pre-RC with S-CDK and DDK conveyed a slight enhancement of the reactivity and 
revealed two addition sites of DNA distortion. The distortion was dependent on all pre-RC 
proteins and MCM2-7 loading, as it did not occur if MCM2-7 loading was blocked using 
ATPγS. Given this reliance on complete pre-RC formation, MCM2-7 emerged as the most 
likely candidate for generating the DNA distortion. However, further characterisation of the 
pattern of permanganate-reactivity will be necessary. To this end, a programme of future work 
was outlined that would enable investigation into whether MCM2-7 is responsible for the DNA 
distortion caused by pre-RC formation. 
The next question to address following the identification of DNA distortion after MCM2-7 
loading was what happened to the DNA during helicase activation. Consequently, an assay was 
designed with the aim of recapitulating the protein binding events at origins during helicase 
activation and replisome assembly, so that DNA unwinding could be monitored. The helicase 
activation assay developed used the in vitro assembled pre-RC as bait for pre-IC and pre-LC 
proteins. This approach was partially successful, as Dpb11, Mcm10 and GINS specifically 
associated with DNA containing the pre-RC, but neither a full pre-IC nor replisome formed. 
The main protein lacking at the origin was Cdc45 and the complex that formed was not 
responsive to S-CDK or DDK. There was no enrichment of RPA at the pre-RC, indicating that 
DNA unwinding was absent, reflecting the fact that Cdc45 is required for DNA unwinding. 
Nevertheless, the overall findings of this project were in good alignment with those of another 
very similar study (Heller et al., 2011). Several avenues for further investigation were outlined 
that should allow identification of the parameters that were preventing complex formation.  
Some information about DNA unwinding was obtained from the helicase activation assays. It 
was not practical to perform KMnO4 footprinting on the complexes formed whilst the helicase 
activation assay was being established. However, sustained DNA unwinding was measured by 
monitoring RPA binding, to indicate the assay could produce a complex capable of unwinding 
origin DNA. The pUC19-ARS1 plasmid substrate used in the pre-RC assembly assay was 
shown to be unsuitable for use in DNA unwinding assays. Biotinylation and immobilisation of 
plasmid on streptavidin beads prevented DNA unwinding by bacterial DnaA and HU. 
Therefore, pUC19-ARS1 was replaced with a linear fragment with a biotin at each end that was 
free from the topological restrains that the plasmid was subjected to. The switch from a 
plasmid to a linear fragment was also advocated by study published after completion of the 
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work in this thesis (Heller et al., 2011). Unfortunately, as neither a pre-IC nor a replisome 
could be formed in the helicase activation assay, KMnO4 footprinting could not be carried out 
to look for initial unwinding within the timeframe of this project.  
During the course of the set up of the helicase activation assay several new reagents were 
produced. These encompassed three novel purification methods for DDK, S-CDK and Mcm10. 
In addition, sixteen new peptide antibodies targeting pre-IC and pre-LC proteins were 
commissioned and characterised. All of these reagents will be of use to the Speck group and 
represent a significant expansion of the reagent pool within the group for studying pre-IC and 
replisome formation. Furthermore, Dpb11, Sld2, Sld3, Mcm10 and GINS were analysed in in 
vitro kinase assays and several novel phosphorylation events were uncovered.  
6.2 Investigation of DNA unwinding in vivo 
The long term aim of the in vivo experiments was to monitor individual chromosomal origins 
as S phase progressed to see how patterns of unwinding differ at early and late origins. Once 
again a footprinting approach was undertaken, to ensure high resolution mapping of DNA 
unwinding. However, a ‘traditional’ footprinting approach, whereby DNA is extracted from 
cells and then regions of ssDNA are identified, was not successful. Consequently an in vivo 
footprinting technique was developed, where an ssDNA-specific nuclease was expressed in 
living cells as they passed through S phase to target ssDNA as soon as it appeared. The DNA 
was then extracted and nuclease-introduced cut sites identified by primer extension. This is the 
first study to attempt to study DNA unwinding in this way. Whilst the technique was being 
established, the two micron origin contained on a high copy plasmid was analysed to increase 
the copy number of the origin per cell and enhance the signal in the primer extension.  
Several new techniques were introduced to the Speck group during the establishment of the in 
vivo footprinting method, including multi-cycle primer extension and extraction of plasmid 
DNA from yeast. Overall, the method had limited success. The first nuclease tested, nuclease 
P1, was well expressed within cells and plasmid could be extracted and primer extended, but 
no DNA unwinding was detected. This suggested that the nuclease lacked activity because 
flow cytometry demonstrated that the cells had entered S phase.  A second nuclease, nuclease 
S1, was tested, but DNA unwinding was still not detected. The main reason for this was 
probably that expression of the nuclease strongly compromised the health of the cells, as 
measured by flow cytometry and microscopy. Nevertheless, a programme of work to assess the 
feasibility of the in vivo ssDNA-specific nuclease footprint was suggested and should allow the 
Chapter 6 - Summary and conclusions 
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experiments to be brought to a successful conclusion or discontinued in a relatively short time 
scale.    
6.3 Conclusions 
This study highlighted many of the obstacles associated with characterising DNA unwinding. 
Not only is initial DNA unwinding transient, but it depends on a plethora of interrelated 
factors. Nevertheless, this study reported the development of several new techniques that have 
the potential to facilitate a detailed characterisation of initial DNA unwinding, both in vitro and 
in vivo. In addition, several valuable reagents have been generated that have augmented the 
capacity of the Speck group to study events in initiation of replication following pre-RC 
formation. The aims of this project remain relevant to the DNA replication field, as there is still 
no detailed understanding of the process of initial DNA unwinding in budding yeast. Some 
progress has been made, as this study demonstrated that there is no DNA unwinding during 
pre-RC formation, but that DNA distortion occurs on completion of MCM2-7 loading. In 
addition, the Bell group identified the timepoint at which RPA binds ARS1 and which proteins 
are recruited to the origin prior to RPA through in vitro reconstitution of replisome formation 
(Heller et al., 2011). Taken together these data define a specific window in which initial DNA 
unwinding must occur and techniques to characterise the events leading to sustained helicase-
mediated unwinding are in advanced stages of development.  
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Appendices  
Appendix 1 – Organisation and DNA sequence of ssDNA-specific 
nuclease cassettes  
 
SV40 NLS sequence was obtained from (Nguyen et al., 2000). DNA cassettes were 
synthesised by Genscript (Piscataway, USA).  
 
Version 1.0 nuclease P1 construct design 
 
Version 2.0 ssDNA-specific nuclease constructs design  
 
Construct name DNA sequence 
Nuclease P1 
v1.0 
GGATCCGAATTCTATGTGGGGTGCTTTGGGTCATGCTACTGTTGCTTATGTTGCTC
AACATTATGTTTCTCCAGAAGCTGCTTCTTGGGCTCAAGGTATTTTGGGTTCTTCT
TCTTCTTCTTATTTGGCTTCTATTGCTTCTTGGGCTGATGAATATAGATTGACTTC
TGCTGGTAAATGGTCTGCTTCTTTGCATTTTATTGATGCTGAAGATAATCCACCAA
CTAATTGTAATGTTGATTATGAAAGAGATTGTGGTTCTTCTGGTTGTTCTATTTCT
GCTATTGCTAATTATACTCAAAGAGTTTCTGATTCTTCTTTGTCTTCTGAAAATCA
TGCTGAAGCTTTGAGATTTTTGGTTCATTTTATTGGTGATATGACTCAACCATTGC
ATGATGAAGCTTATGCTGTTGGTGGTAATAAAATTAATGTTACTTTTGATGGTTAT
CATGATAATTTGCATTCTGATTGGGATACTTATATGCCACAAAAATTGATTGGTGG
TCATGCTTTGTCTGATGCTGAATCTTGGGCTAAAACTTTGGTTCAAAATATTGAAT
CTGGTAATTATACTGCTCAAGCTATTGGTTGGATTAAAGGTGATAATATTTCTGAA
CCAATTACTACTGCTACTAGATGGGCTTCTGATGCTAATGCTTTGGTTTGTACTGT
TGTTATGCCACATGGTGCTGCTGCTTTGCAAACTGGTGATTTGTATCCAACTTATT
ATGATTCTGTTATTGATACTATTGAATTGCAAATTGCTAAAGGTGGTTATAGATTG
GCTAATTGGATTAATGAAATTCATGGTTCTGAAATTGCTAAAAGATCTGGTCCACC
AAAAAAAAAAAGAAAAGTTGAAGGTGGTTCTGGTCCACCAAAAAAAAAAAGAAAAG
TTGAAGGTGGTTCTAGAATGGATTACAAGGATGACGACGATAAGTAAGCGGCCGCC
CCGGG 
Nuclease P1 
v2.0 
GGATCCGAATTCTATGTGGGGTGCATTAGGTCACGCTACAGTCGCTTATGTCGCTC
AACACTATGTCTCTCCTGAAGCAGCATCATGGGCTCAAGGTATCTTGGGTTCTTCA
TCCAGTTCTTATTTGGCAAGTATTGCCTCTTGGGCTGATGAATACAGATTGACATC
TGCTGGTAAATGGAGTGCTTCTTTGCATTTCATCGATGCTGAAGACAATCCACCTA
CCAATTGTAACGTTGATTATGAAAGAGACTGTGGTTCATCCGGTTGCTCAATTTCC
GCTATAGCAAATTACACTCAAAGAGTCTCAGATAGTTCTTTGTCATCCGAAAACCA
TGCCGAAGCTTTGAGATTTTTAGTACACTTCATAGGTGACATGACACAACCATTAC
ATGACGAAGCATATGCCGTAGGTGGTAATAAGATCAACGTTACCTTCGATGGTTAT
CATGACAATTTGCACTCTGATTGGGACACTTACATGCCTCAAAAGTTGATTGGTGG
TCACGCATTATCAGATGCCGAATCCTGGGCTAAGACATTGGTTCAAAACATCGAAT
CTGGTAACTACACCGCTCAAGCAATCGGTTGGATTAAAGGTGACAATATCTCAGAA
CCAATTACTACAGCAACTAGATGGGCCTCCGACGCCAACGCTTTGGTTTGCACAGT
TGTCATGCCACATGGTGCTGCAGCCTTGCAAACCGGTGACTTGTATCCTACTTATT
ACGATTCAGTCATAGACACTATCGAATTGCAAATTGCAAAGGGTGGTTACAGATTG
GCTAACTGGATAAACGAAATACACGGTAGTGAAATTGCTAAAAGATCTGGTCCACC
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TAAAAAGAAAAGAAAGGTTGAAGGTGGTTCTGGTCCACCTAAAAAGAAGAGAAAAG
TAGAAGGTGGTTCAAGAATGGATTACAAGGATGATGATGACAAATGAGCGGCCGCC
CCGGG 
Nuclease S1 GGATCCGAATTCTATGTGGGGTAACTTGGGTCACGAAACCGTCGCATACATCGCTC
AATCCTTTGTCGCATCATCAACTGAATCCTTCTGTCAAAATATCTTGGGTGACGAC
TCCACAAGTTACTTAGCCAATGTTGCTACATGGGCAGATACCTATAAGTACACTGA
CGCCGGTGAATTTTCAAAGCCATACCATTTCATAGACGCTCAAGATAATCCACCTC
AATCTTGTGGTGTCGATTACGACAGAGATTGTGGTTCAGCTGGTTGCTCTATATCA
GCAATCCAAAACTACACTAACATATTGTTGGAATCTCCAAATGGTTCAGAAGCCTT
GAACGCTTTAAAGTTTGTTGTCCACATTATAGGTGACATACATCAACCTTTGCACG
ACGAAAATTTGGAAGCAGGTGGTAACGGTATTGATGTCACATACGACGGTGAAACT
ACAAATTTGCATCACATATGGGATACCAACATGCCAGAAGAAGCTGCAGGTGGTTA
TTCCTTAAGTGTAGCAAAGACTTACGCCGATTTGTTGACAGAAAGAATTAAAACCG 
GTACTTACTCTTCTAAGAAAGATTCTTGGACCGACGGTATCGATATTAAAGACCCT
GTTTCTACTTCAATGATATGGGCCGCTGATGCAAATACATATGTATGCTCTACCGT
TTTGGATGACGGTTTAGCTTACATCAACTCCACAGATTTGAGTGGTGAATATTACG
ATAAGTCTCAACCAGTTTTCGAAGAATTGATCGCTAAAGCAGGTTATAGATTAGCA
GCCTGGTTGGATTTGATTGCTTCCCAACCTTCCAGAAGTGGTCCACCTAAAAAGAA
AAGAAAGGTTGAAGGTGGTTCAGGTCCACCTAAAAAGAAAAGAAAAGTAGAAGGTG
GTTCAAGAATGGATTACAAAGACGATGATGACAAATGAGCGGCCGCCCCGGG 
Nuclease Cel1 GGATCCGAATTCTATGTGGAGTAAGGAAGGTCACGTAATGACTTGCCAAATCGCTC
AAGACTTGTTAGAACCAGAAGCCGCTCACGCCGTAAAGATGTTGTTACCAGATTAC
GCCAATGGTAACTTGTCTTCATTATGTGTATGGCCTGATCAAATCAGACATTGGTA
TAAGTACAGATGGACTTCCAGTTTGCACTTTATTGATACACCAGACCAAGCTTGTT
CATTCGATTACCAAAGAGATTGCCATGACCCTCACGGTGGTAAAGACATGTGCGTT
GCTGGTGCAATACAAAACTTCACTTCCCAATTGGGTCATTTCAGACACGGTACCAG
TGATAGAAGATACAACATGACTGAAGCATTGTTATTTTTGTCTCATTTCATGGGTG
ACATACATCAACCAATGCACGTTGGTTTTACCTCCGATATGGGTGGTAATAGTATT
GACTTAAGATGGTTCAGACATAAGTCCAACTTGCATCACGTCTGGGATAGAGAAAT
TATATTAACAGCTGCAGCCGATTATCATGGTAAAGACATGCACTCATTGTTGCAAG 
ATATACAAAGAAACTTCACTGAAGGTTCTTGGTTGCAAGACGTCGAATCATGGAAA
GAATGTGATGACATTTCTACATGCGCCAATAAGTACGCTAAGGAATCTATTAAATT
GGCTTGTAACTGGGGTTACAAAGATGTTGAATCTGGTGAAACATTGTCAGACAAGT
ATTTCAATACCAGAATGCCTATCGTCATGAAAAGAATTGCACAAGGTGGTATAAGA
TTGTCTATGATCTTGAACAGAGTATTGGGTTCTTCAGCAGATCATTCCTTAGCCAG
AAGTGGTCCACCTAAAAAGAAAAGAAAGGTTGAAGGTGGTTCTGGTCCACCTAAAA
AAAAGAGAAAAGTAGAAGGTGGTTCAAGAATGGATTACAAGGACGATGACGACAAG
TGAGCGGCCGCCCCGGG 
NucO GGATCCGAATTCTATGGGTTCCTCCGACCAATCTACAAGAAGAAAATCTAGTATCA
CCTTACACTTGAGAAATGCCGCCAGTCACTCCGTATTATTATCAGTCTTGGCAAAG
GCCGATATCTTAATTGACCCATATAGACCTGGTGTATTGGAAAGATTAGGTTTGTC
TCCATCAGAAGTTTTGTTGAAGTACAACCCTAGATTGATAGTCGCTAGAATGACTG
CTTTTAGAAGAGATGGTAAATACAAGGACATGGCTGGTCATGATATTAATTACATA
GCAGTTTCAGGTGTCTTATCTTCATTGGGTAGAGCTGGTGAACCACCTTATGCACC
AGGTAATATTATTGGTGACTTTGCTGGTGGTGGTGCTATGTGTTTCATGGGTATAT
TGTTAGCTTTGTTATCTAGAACCAGACAAGATGCTGCAAGAAGACCAAGAGCCGAA
CACGTTAGAAGAGCTGTTAGATTCATGACTAGAATGAGACCTAGAATCAAGGCATC
CATTAGTCCATTGGAAAGATGGAATCCTAACTTTTTAAGATCCAGTAGAGATTCTG
GTTCAGTAAGAAGAAATTTCTCCAGAGATGACAGAGAAAACTGGCCAGTTTTGAGA
GCCGCTTTTGCCAAAAGATTCAAGGAAAAGACTAGAGCTGAATGGGAATCTATTTT
TGATGGTACTGACAGATGTGCTACACCTGTTTTGGAACAAGATGAATTAGAACAAG
GTGGTTTCGAACAATTAGCATGCAGATTGGAAGCCTGGTTAGGTTGGAAAGAAGGT
AGAGAATATGATGTTAGATCTGACGGTGCTTTGATAAAGACAGGTGAAGAGGGTAA
AGCAAACGGTAGAGGTCATAGAGCCTTAGATTCAGTCATCGGTCACAGAATATGCA
TCAAGGTCACCTACTTGTTGTTGGTTAAGAAAGGTAAAAAGAGAGAAAAATCCAGA
AGTGGTCCACCTAAAAAGAAAAGAAAGGTTGAAGGTGGTTCTGGTCCACCTAAAAA
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GAAAAGAAAAGTAGAAGGTGGTTCAAGAATGGATTACAAAGACGATGACGACAAAT
GAGCGGCCGCCCCGGG 
 
Appendix 2 – Peptides used to raise polyclonal antibodies  
 
Protein Antibody name Peptide 
Sld2 
Sld2 117 NDNSKTISNESSPRC 
Sld2 345 CRKRPKRRKVIRRLRDNDPETE 
Sld3 
Sld3 318 CTKKGLVRRRSKKKTSE 
Sld3 426 CKLKGPSMRPKRALKKVND 
Cdc45 
Cdc45 102 CDTDEKSGEQSFRRD 
Cdc45 196 CDEDEEDEDETISNKRGN 
Mcm10 
Mcm10 10 CVDPYNNITSDEEDEQ 
Mcm10 543 CHREEVWQKHFGSKETKETSDGSASD 
Dpb11 
Dpb11 608 CSSEKKYQNNDPKID 
Dpb11 736 CGSIQDKKRTASLEKPMRRQTRNQTKE 
Sld5 
Sld5 108 MQNASNANPPMPNESC 
Sld5 234 CGPPDGKWNEDPLLQ 
Rfa1 Rfa1 9 RGDFHSIFTNKQRYDC 
 
  
 232 
 
Appendix 3 – Yeast strains 
 
Strain name 
Speck 
group ID 
Genotype Source 
MCM2-7 expression YC119 
MATa bar1Δ leu2-3,112 ura3-52 his3-Δ200 
trp1-Δ 63 ade2-1 lys2-801 pep4 pESC-
Leu-MCM2-MCM7 pESC-
Trp-MCM6-MCM4 pESC-
Ura-HA_MCM3-MCM5 
Speck Group 
W4 P1 YC272 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His-nuclease P1 v1.0 
This project 
W4 Double P1 YC273 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His-double nuclease P1 v1.0 
This project 
W4 pESC-His YC274 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His 
This project 
Cdc9-1 P1 YC275 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1, pESC-His-nuclease P1 v1.0 
This project 
Cdc9-1 Double YC276 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1, pESC-His-double nuclease P1 v1.0 
This project 
Cdc9-1 pESC-His YC277 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1, pESC-His 
This project 
Cdc9-2 P1 YC269 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His-nuclease P1 v1.0 
This project 
Cdc9-2 Double YC270 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His-double nuclease P1 v1.0 
This project 
Cdc9-2 pESC-His YC271 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His 
This project 
S-CDK expression YC308 
MATa bar1Δ leu2-3,112 ura3-52 his3-Δ200 
trp1-Δ 63 ade2-1 lys2-801 pep4 pESC-
Leu-MBP-PS-Clb5-Cdc28 
This project 
DDK expression YC309 
MATa bar1Δ leu2-3,112 ura3-52 his3-Δ200 
trp1-Δ 63 ade2-1 lys2-801 pep4, pESC-
Trp-MBP-PS-Dbf4-Cdc7 
This project 
Cdc9-1 YC314 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1 
A. Bielinsky 
Cdc9-2 YC315 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2 
A. Bielinsky 
W4 YC316 MATa ade2-101 his3D200 leu2 trp1 ura3-52 A. Bielinsky 
Cdc7-4 YC254 MATa cdc7-4 ura3-52 leu2-3, I12 M. Weinreich 
Cdc7-4 Cdc45-6HA YC363 
Cdc7-4 MATa cdc7-4 ura3-52 leu2-3, 
I12-Cdc45-6HA-k1TRP1 
This project 
Cdc7-4 
Cdc45-3FLAG 
YC364 
Cdc7-4 MATa cdc7-4 ura3-52 leu2-3, 
I12-Cdc45-3FLAG-–hphMX4 This project 
Cdc7-4 Cdc45-6HA 
Rad53-KD 
YC368 
Cdc7-4 MATa cdc7-4 ura3-52 leu2-3, 
I12-Cdc45-6HA-k1TRP1 pGal-rad53-KD This project 
Cdc9-1 P1 v2.0 YC317 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1, pESC-His-nuclease P1 v2.0 
This project 
Cdc9-2 P1 v2.0 YC321 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His- nuclease P1 v2.0 
This project 
W4 P1 v2.0 YC325 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His-nuclease P1 v2.0 
This project 
Cdc9-1 nuclease S1 YC318 MATa ade2-101 his3D200 leu2 trp1 ura3-52 This project 
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cdc9-1, pESC-His-nuclease S1 
Cdc9-2 nuclease S1 YC322 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His- nuclease S1 
This project 
W4 nuclease S1 YC326 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His-nuclease S1 
This project 
Cdc9-1 NucO YC319 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1, pESC-His NucO 
This project 
Cdc9-2 NucO YC323 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His-NucO 
This project 
W4 NucO YC327 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His-NucO 
This project 
Cdc9-1 Cel1 YC320 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-1, pESC-His Cel1 
This project 
Cdc9-2 Cel1 YC324 
MATa ade2-101 his3D200 leu2 trp1 ura3-52 
cdc9-2, pESC-His-Cel1 
This project 
W4 Cel1 YC328 
MATa ade2-101 his3D200 leu2 trp1 ura3-52, 
pESC-His-Cel1 
This project 
Sld3 expression YC102 
MATa bar1Δ leu2-3,112 ura3-52 his3-Δ200 
trp1-Δ 63 ade2-1 lys2-801 pep4 pESC-
His-Sld3myc 
Speck group 
AS499 YC166 
MATa bar1Δ leu2-3,112 ura3-52 his3-Δ200 
trp1-Δ63 ade2-1 lys2-801 pep4 
L. Aragon 
W303 YC160 
MATa W303 (ade2-1 ura3-1 his3-11,15 trp1-1 
leu2-3, 112 can1-100) 
ATCC 
 
Appendix 4 – Plasmids produced or gifted during project 
 
Plasmid name Speck Group ID Application Received from 
pGAL Rad53-KD p299 Rad53-KD expression O. Aparicio 
S-CDK p312 S-CDK expression N/A 
DDK p313 DDK expression N/A 
Nuclease S1 p327 Nuclease S1 expression N/A 
Nuclease P1 p327 Nuclease P1 expression N/A 
Nuclease P1 v2.0 p375 Nuclease P1 expression N/A 
NucO p376 NucO expression N/A 
Cel1 p377 Cel1 expression N/A 
pUC19-ARS1 p372 ARS1 DNA substrate N/A 
pOC170 p378 oriC DNA substrate W. Messer 
pDnaA116 p379 DnaA expression W. Messer 
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Appendix 5 – Primers used for producing 5 kb linear fragments for 
helicase activation assay 
btn = biotin 
Primer name Speck Group ID Sequence 
ARS1-5kb forward 1531 btnGGCCTGAATTGTAGTAGCGGG 
ARS1-5kb reverse 1532 btnCAAGACTTGGAAGCGGACGGG 
ARS305-5kb forward 1537 btnGAAGATCGGGCAGTCCTATC 
ARS305-5kb reverse 1538 btnGTAGCATTTGGCTGCGTAGC 
ARS501-5kb forward 1543 btnGCACTCCCACCAGGATAG 
ARS501-5kb reverse 1544 btnGGAGTACTTAGAGACATTTTTGG 
ARS607-5kb forward 1549 btnCAGGATCCTAAGCAAGCATATG 
ARS607-5kb reverse 1550 btnGGTACTGAAGCAGGTTGAGG 
 
Appendix 6 – Primers used for primer extension 
 
Primer name Speck Group ID Sequence 
T-rich strand ARS1 7 AACAGCTATGACCATG 
A-rich strand ARS1 8 GTAAAACGACGGCCAGT 
Top strand oriC 914 AACTCTGTCAGGAAGCTTGGATC 
two micron forward 1012 GCGTTGATGATTCTTCATTGGTCAG 
two micron reverse 1013 GCGAATACCGCTTCCACAAAC 
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